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Aims of the present study
In order to accommodate, the optical power of the human lens increases. In 
principle, the changes that occur in the optical power of a lens are two-fold. 
First of all, the changes in geometry (i.e. in the thickness and radii of curvature) 
influence the optical power of the lens. Secondly, the refractive index influences 
the direction and length of the optical path, and consequently also influences 
the optical power of the lens. During accommodation, the changes in optical 
power of the human lens are caused by a mechanical action of the ciliary muscle 
(Figure 1). However, with age the human eye loses its ability to accommodate; 
this is referred to as presbyopia, the exact causes of which are not yet known.

Figure 1 Changes in the optical power of the human lens during 
accommodation make it possible to focus on a nearby object
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The first part of this thesis focuses on providing more insight into the 
accommodation mechanism, and consequently the origin of presbyopia. In 
order to study the changes that occur in the geometry and refractive index, 
model-based measurements of the geometry and refractive index of the 
human lens were carried out in a group of five healthy subjects at different 
levels of accommodation. Furthermore, the changes in geometry were used to 
study the mechanical aspects that contribute to the change in optical power. 
Therefore, mechanical modelling was performed to obtain more insight into 
the accommodation mechanism in people at a young age.

In most cases, presbyopia and ametropia (the need to wear distance glasses) 
are currently corrected by (multifocal) spectacles or contact lenses. However, at 
an elderly age there can be cataract formation, and the lens becomes opaque. 
Most intra-ocular lenses (IOLs) that are implanted to restore vision have a 
fixed focal power, and therefore do not accommodate, but an accommodative 
IOL could not only provide a solution for cataract and ametropia, but also for 
presbyopia. However, the requirements for an IOL that could be used to restore 
accommodation and guarantee spectacle-independence are stringent. Firstly, 
the accommodative power of the accommodative IOL must be large, in order 
to ensure comfortable reading. Secondly, it is necessary to have a predictable 
outcome of the patient’s refractive error. An accommodative IOL that restores 
accommodation, but has no predictable disaccommodated refractive power 
after implantation, does not guarantee spectacle-independence. Moreover, 
an accommodative IOL should preferably also be capable of compensating 
corneal astigmatism, and should have an optical quality that is similar to the 
quality of a present generation monofocal IOL in all accommodative states. 
Finally, the accommodative IOL should preferably be operated by the human 
ciliary muscle. 

The second part of this thesis describes how we developed an accommodative 
IOL as a solution to cataract, ametropia and presbyopia, using the knowledge 
obtained in the studies described in the first part of this thesis.
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1.1 Geometry, optics and mechanical modelling of the human lens 
during accommodation

1.1.1. Changes in geometry of the lens during accommodation
During accommodation the thickness of the lens increases and the radius of 
curvature of the anterior and posterior central area decreases, resulting in an 
increase in optical power. According to the Helmholtz accommodation theory 
(Von Helmholtz, 1855), this deformation is caused by the ciliary muscle release 
of zonular tension. However, it is not exactly known whether the deformation 
of the lens is due to the elasticity or the compressibility of the lens material. 

A change in the surface area of the capsular bag could indicate that the elasticity 
of the capsular bag plays an important role in accommodation. On the other 
hand, a change in the volume of the lens could indicate that decompression of 
the internal lens material causes the accommodative changes. The objective of 
the study described in Chapter 2 was to determine the volume of the lens and 
surface area of the capsular bag, and to investigate whether there is a change 
in these quantities with accommodation. For that purpose 3D magnetic 
resonance imaging (MRI) was used to determine the 3D shape of the lens as 
a function of accommodation in five healthy subjects. The 3D shape of the 
lens was described by cross-sectional geometry which contained five physical 
parameters. From this parametric geometry the surface area of the capsular bag 
and volume of the lens could be estimated. Scheimpflug imaging (Dubbelman, 
Van der Heijde and Weeber, 2005)  was used to validate the MRI results. Finally, 
the changes in volume and strain of the capsular bag were determined during 
accommodation.

3D MRI measurements do not provide a well-defined, visual representation of 
the embryonic nucleus, but it is completely visible and clearly characterized 
with Scheimpflug imaging. It is the thickness of the nucleus that changes 
most during accommodation, compared to the overall changes in thickness 
(Dubbelman, Van der Heijde, Weeber and Vrensen, 2003). Chapter 3 represents 
a new method with which a parametric measurement of the 2D shape of the 
human lens nucleus can be obtained from Scheimpflug images. Assuming 
that the nucleus is rotationally symmetric, the volume of the nucleus can be 
estimated by integrating around the circumference. During accommodation, 
the changes in volume of the complete lens, as well as the changes in volume 
of the embryonic nucleus, can indicate whether or not the human lens consists 
of incompressible material.
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1.1.2 Changes in refractive index of the lens during accommodation
Gullstrand hypothesized that the change in power of the lens that is needed 
for accommodation does not result from changes in lens thickness and surface 
curvature alone, but also from changes in the distribution of the refractive 
index within the lens. As a result, there should be an increase in the equivalent 
refractive index with accommodation. He called this process the intra-
capsulary mechanism of accommodation. Chapter 4 describes how the theory 
of Gullstrand (1909), i.e. that the equivalent refractive index of the human lens 
increases with accommodation, was verified experimentally. The shape of the 
cornea and the lens were measured with corrected Scheimpflug imaging in a 
group of five healthy subjects at different accommodative stimuli. Subsequently, 
using the same accommodative stimuli, aberrometry was used to obtain 
objective measurements of the accommodative response and amplitude. 
After measuring the axial length, it was possible to calculate the equivalent 
refractive index with the step-along method. Furthermore, the geometry of 
the nucleus (Chapter 3) was derived from the Scheimpflug measurements to 
construct a two-compartment model, as proposed by Gullstrand.

In order to compute the equivalent index of refraction, as described in Chapter 
4, a website was launched:  www.eyepower.nl .  Ray-tracing was used to visualize 
the optics of the eye and it was possible to interactively change the geometry 
of the eye. It was also possible to change the power of an implanted monofocal 
IOL in order to determine the post-operative refractive error. 

1.1.3 Mechanical modelling of the accommodation process
In order to be able to design an accommodative IOL, it is necessary to know the 
forces acting on the lens that are produced by the complex of ciliary muscle 
and zonular fibres. However, the exact magnitude and direction of these 
forces is not known, for two reasons. Firstly, no method or device has yet been 
developed that is capable of measuring force during accommodation in vivo. 
Secondly, the zonular fibres transfer the ciliary muscle force to the capsular 
bag, but there is a lack of information about the mechanical properties, the 
number and the geometry of these fibres. 

Chapter 5 describes a new method in which finite element (FE) modelling was 
used to estimate the magnitude of the external force which moulds the lens into 
an unaccommodated shape of a typical 29 year-old human lens. To investigate 
the influence of the anterior, posterior and central zonular fibres insertion 
regions, three models with different configurations were constructed.  
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The objective of the study described in Chapter 6 was to determine the 
accommodative force on the lens at different ages, and to find out whether 
there is a change in this force with age. In this chapter the method described 
in Chapter 5 was used to estimate the force on the lenses of an 11, 29 and 
45 year-old human eye. Furthermore, the parametric shape of the nucleus, 
derived in Chapter 3, was incorporated in the simulations, together with new 
material properties described in the literature. The amount of accommodative 
force as a function of age is useful as a reference for the development of an 
accommodative IOL that could restore accommodation.

1.2 Development of an accommodative IOL
The first part of this thesis described how we obtained more knowledge about 
the geometry, refractive index and mechanics of the human accommodation 
process. We were able to use this knowledge to develop a method to restore 
accommodation. Therefore, the second part of the thesis focuses on the 
development of an accommodative IOL that meets the requirements for a 
spectacle-independent solution for presbyopia. 

Chapter 7 describes the development of an accommodative IOL (“the 
Turtle lens”) with a rotating focus mechanism and a mechanical frame that 
could operate within the range of ciliary muscle contraction (Figure 2). The 
concept design was optically and mechanically optimized for a typical 60 
year-old human eye, and ray-tracing was used to calculate the modulation 
transfer function (MTF) of the Turtle lens in different accommodative states. 
Furthermore, prototypes were produced to test the mechanical performance in 
an enucleated pig’s eye, using a laboratory lens-stretching device that mimics 
the action of the human ciliary muscle. Finally, changes in focal length during 
stretching were determined, by means of laser-based ray-tracing and video-
recordings, in order to measure the optical power.

The Turtle lens was developed in collaboration with Advanced Medical Optics 
Inc., which has the rights to claim intellectual property. Chapter 8 presents the 
application for a patent with the various principles and embodiments of the 
new accommodative IOL concept.
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Figure 2 Concept of the accommodative Turtle lens
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Abstract
A change in surface area of the capsular bag and a change in volume of the lens 
can indicate whether a change in the shape of the lens during accommodation 
is due to either the compressibility or the elasticity of the lens material. 3D 
Magnetic Resonance Imaging (MRI) was used to image the complete shape 
of the lens in a group of five healthy subjects between 18 and 35 years of age. 
A parametric representation of the cross-sectional shape was fitted to the 
edges of the lens, that were determined with a Canny edge-filter. Based on a 
partition of the lens into eight parts, the parametric shape makes it possible 
to calculate the mean cross-sectional area, the volume and the surface area 
as a function of accommodation. Corrected Scheimpflug imaging was used 
to validate the results obtained with MRI. In accordance with the Helmholtz 
accommodation theory, a decrease in the anterior and posterior radius of 
curvature and equatorial diameter and an increase in lens thickness occurred 
with accommodation. During accommodation, the mean cross-sectional area 
increased while the surface area decreased. However, no significant change in 
lens volume was found. This indicates that the internal human lens material 
can be assumed to be incompressible, and undergoes elastic deformation. 
Furthermore, the change in surface area indicates that the capsular bag also 
undergoes elastic deformation. 
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Introduction
During accommodation the thickness of the lens increases and the radius of 
curvature of the anterior and posterior central area decreases, resulting in an 
increase in optical power. According to the Helmholtz accommodation theory 
(Von Helmholtz, 1855), this deformation is caused by the ciliary muscle release 
of zonular tension. It is not exactly known whether the deformation of the lens 
is due to the elasticity or the compressibility of lens material. 

A change in surface area (SA) of the capsular bag could indicate that the 
elasticity of the capsular bag plays an important role in accommodation. On the 
other hand, a change in lens volume (VOL) could indicate that decompression 
of the internal lens material is responsible for the accommodative changes. 
The objective of the present study was to determine the VOL of the lens and 
SA of the capsular bag, and to investigate whether there is a change in these 
quantities with accommodation. Therefore, the 3D geometry of the human 
lens was measured in-vivo in a group of five healthy subjects. Furthermore, 
knowledge about human lens volume and strain in the capsular bag could 
be used for refilling the capsular bag with a visco-elastic material in order to 
restore accommodation (Koopmans et al., 2003).

Different methods have been applied to determine in-vitro the volume as 
a function of age (Smith, 1883, Snydacker, 1956 and Rosen et al., 2006). In-
vivo, Strenk, Semmlow, Strenk, Munoz, Gronlund-Jacob and DeMarco (1999) 
used 2D Magnetic Resonance Imaging (MRI) to measure the cross-sectional 
lens geometry. In one axial MRI slice the changes in thickness and equatorial 
diameter of the lens as a function of two different accommodation stimuli were 
measured in 25 healthy subjects. Furthermore, Strenk, Strenk, Semmlow, and 
DeMarco (2004) observed an increase in the cross-sectional area (CSA) of 25 
human lenses, and they suggested that the lens might be compressed in the 
unaccommodated state. However, a change in the CSA does not necessarily 
imply a change in lens volume (Judge and Burd, 2004). In-vitro, Gerometta 
et al. (2007) placed bovine lenses in a stretching device, and based on lateral 
photographs of the CSA, the center of mass and volume were determined during 
stretching. With accommodation they measured an increase of 8% in bovine 
lens volume. Based on data from the literature they simulated a human lens 
during accommodation, and expected that the human lens would undergo an 
increase of approximately 3% in lens volume. It was suggested that compression 
of the lens material could play an important role in accommodation. However, 
the change in volume of the human lens has not yet been measured in-vivo as 
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a function of accommodation. 

In-vitro, Fisher (1969) developed a method with which to estimate the energy 
released by the anterior part of the lens capsule during accommodation. He 
concluded that the elasticity of the surface of the capsule plays a major role in 
the loss of accommodation. In-vitro Krag, Olsen and Andreassen (1997), Krag 
and Andreassen (2003) and Heistand, Pedrigi, Dziezyc and Humphrey (2006) 
also determined the mechanical properties of the human capsule, but no in-
vivo measurement of strain during accommodation has ever been carried 
out. 

Chien, Huang and Schachar (2003) used various analytical functions to describe 
the cross-sectional shape of the human crystalline lens. Using polar co-
ordinates, they found that a parameterization with cosines appeared to result 
in the best fit for the surface of the human lens. Kasprzak (2000) proposed an 
analytical function that describes the complete axisymmetric lens profile in 
an accommodated and a disaccommodated state. However, both descriptions 
contain many parameters with no physical meaning that have to be fit 
simultaneously. In order to compare Scheimpflug measurements of the central 
part of the lens with MRI measurements of the central and peripheral part of 
the lens, it is necessary to have a parametric geometry that can describe both 
parts separately.

In the present study, 3D MRI was used to determine the complete shape of the 
lens as a function of accommodation in five healthy subjects. The shape of the 
lens was described by cross-sectional geometry which contains five physical 
parameters. From this parametric geometry, the CSA, the SA of the capsular 
bag and VOL of the lens were estimated. The changes in VOL and strain of the 
capsular bag were determined during accommodation. Finally, Scheimpflug 
imaging was used to validate the MRI results.
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Method 
2.1 Subjects
The sample population consisted of five healthy subjects (two males, three 
females), between 18 and 35 years of age, who had no ocular abnormalities, 
diabetes mellitus, cataract, or previous ocular surgery. The study protocol was 
approved by the Medical Ethics Committee of the VU University Medical Center, 
(Amsterdam, The Netherlands). The measurements were performed with the 
understanding and written consent of each subject, according to the tenets of 
the Declaration of Helsinki. 

2.2 System setup
MRI was performed on a 1.5-T whole body scanner (Magnetom Sonata, Siemens, 
Erlangen, Germany), using a small ring-shaped receiver coil (diameter 3 cm) 
positioned close to the right eye, and the bodycoil as RF transmitter. 3D images 
of the lens were obtained with a T1-weighted 3D MPRAGE (magnetization 
prepared rapid acquisition gradient echo) sequence, with repetition time 
TR 2300 ms, echo time TE 5.7 ms, inversion time TI 950 ms, flip angle 8º and 
band-width 160 Hz/pixel. The small coverage of the receiver coil produced a 
rectangular field-of-view in the transverse plane of 75 mm (anterior-posterior) 
by 120 mm (left-right). With a 240 x 384 matrix, this resulted in an area of 
0.31 mm x 0.31 mm pixels, which was interpolated to 0.15 x 0.15 mm during 
reconstruction. The 3D slab of 128 mm in head-foot direction consisted of 160 
transverse slices of 0.8 mm. The time needed to acquire one 3D dataset was 9 
min 14 s.

Subsequently, images of the anterior segment of the eye were obtained with 
the Topcon ® SL-45 Scheimpflug camera, the film of which was replaced by a 
CCD camera (St-9XE, SBIG astronomical instruments) with a dynamic range of 
16 bits of grey values (512 × 512 pixels, pixel size 20 × 20 µm, magnification: 
1×). Ocular axial length was measured with the IOL Master (®Zeiss), which is 
based on partial coherence interferometry (Drexler et al., 1998) and the ocular 
refractive error was measured with the IRX3 aberrometer (Imagine Eyes Optics, 
Orsay, France). 

2.3 Measurements
Accommodation amplitude
First, the right eye was covered and the subject was asked to focus with the 
left eye on a black letter X projected on a white background (2 m from the 
subject’s head). A lens was placed in a plastic trial frame 19 mm in front of 
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the left eye to induce the unaccommodated state of the eye. Then in order 
to induce accommodation, the power of the lens in front of the left eye was 
increased in steps of −1 D until the subject indicated that it was no longer 
possible to obtain a sharp image of the target. The preceding accommodated 
state was regarded as the maximum state of accommodation.

MRI
The subject was placed in a supine position in the MRI scanner, with head 
fixed, looking at a screen at the rear end of the scanner (2 m from the subjects 
head) via a mirror tilted at 45º. The targets projected onto the screen consisted 
of a black letter X and a black + sign on a white background, which were 
alternating every 2 seconds. The subject was asked to focus with the left eye on 
the center of the target during the MR imaging, while the right eye with the RF 
coil was covered. After the acquisition in the unaccommodated state, the lens 
positioned in the plastic trial frame in front of the left eye was changed in order 
to induce accommodation. A 3D MRI acquisition of the right eye was obtained 
in the unaccommodated and the maximum accommodated state.

Scheimpflug imaging
To capture the Scheimpflug image of the lens, the pupil of the right eye of each 
subject was dilated with two drops of 5% phenylephrine HCl. The same two 
accommodative states as for the MRI examination were again created, using a 
trial frame and lenses in front of the left eye. The subject was instructed to fixate 
on a fixation light in the Scheimpflug camera, while the slit of the camera was 
aligned along the optical axis of the right eye. The subject was then asked to 
fixate with the left eye on a Maltese star, the position of which could be adjusted 
horizontally and vertically by remote control until the subject reported that 
the fixation light of the Scheimpflug camera was superimposed on the center 
of the Maltese star. At this point the internal fixation light of the camera was 
turned off, and the subject was asked to focus on the Maltese star while three 
images were obtained per accommodative state. 

Aberrometry
In order to determine the accommodative response, the refractive error of 
the right eye of each subject was measured with the aberrometer. The same 
accommodative states as for the MRI and Scheimpflug measurements were 
created, using different lenses in front of the left eye and a Maltese star as 
fixation target. After alignment of the internal fixation light in the aberrometer 
with the Maltese star, the internal fixation light was turned off and the 
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refractive error of the right eye was measured. Using a fixed 3 mm pupil, the 
effective refractive error was transferred in both accommodative states to 
accommodative response at the spectacle plane.

2.4 Post-processing
The shape of the lens was described as a parametric curve with a minimal 
set of parameters that had a physical meaning. It was assumed that the 
curve describing the cross-sectional shape of the lens and its derivative are 
continuous, and that the derivative in axial direction is zero at the equator and 
the radial derivative is zero at the poles. Figure 1 illustrates the geometric model 
that consists of anterior and posterior parabolas representing the central area 
of the lens:
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Using Scheimpflug imaging, the posterior central area of the lens is less visible 
than the anterior central area. Therefore, it is possible to fit the anterior parabola 
at an aperture of 5 mm and the posterior parabola at an aperture of only 4 
mm.

The ratio between anterior and posterior thickness, with respect to the 
equatorial plane and the total thickness (TT), has been defined as:
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The two curves in the periphery that closed the lens were formed by conics, 
which can be described by the following formulas:
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interception points between the anterior and posterior central parabolic and 
the conic curves in the periphery. 
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CSA, SA and VOL calculation
With  f(y) as the axisymmetric cross-sectional curve as a function of the axial 
position (y) with respect to the axis of rotation, it is possible to compute the CSA, 
the SA of the capsular bag and the VOL of the lens (Arfken & Weber, 2001): 

( )2  dCSA f y y= ∫        (11)
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0

0
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( )2dVOL f y yπ= ∫        (13)

The integrals in equation 11 and 13 could be computed analytically, but the 
integral in equation 12 had to be approximated numerically.

Figure 1. Geometric representation of the cross-sectional shape f(y) of the human 
lens; x-axis and y-axis represent the radial and the axial direction, respectively
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Step I: Parameter estimation from MR images assuming axisymmetry 
The MR images were linearly interpolated to a spatial resolution of 0.1 x 0.1 x 
0.1 mm in order to determine the edge of the lens with sub-pixel accuracy. To 
determine the lens edges, a Canny edge-filter (Canny, 1986) with automatic 
thresholding was applied to the interpolated MRI slices every 0.5 mm in the 
three principal directions. In every Canny edge-filtered slice, chains of edge-
points were selected manually by mouse to obtain the co-ordinates of the lens 
edge. Subsequently, these co-ordinates were translated (∆x , ∆y , ∆z), rotated 
(∆α , ∆β) and transformed to spherical co-ordinates. Under the assumption of 
an axisymmetric lens, the cross-sectional shape is independent of the circular 
direction. Therefore, all co-ordinate points were mapped to one cross-sectional 
plane (x, y) as can be seen in Figure 2.

Figure 2 Translation and rotation of the 3D MRI edge co-ordinate points, followed by 
transformation to spherical co-ordinates and mapping to one cross-sectional plane

Non-linear least-squares curve-fitting with the reflective Newton method, 
available in the Matlab Optimization toolbox (The Mathworks Inc.), was 
performed to estimate the orientation (∆x, ∆y, ∆z, ∆α, ∆β) and shape parameters 
of the lens (R

ant
 , R

post
, ratio, TT and R

eq
). The orientation and geometry in which 

the lens showed most axisymmetry was determined.
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Step II: Parameter estimation from MR images taking into account lens non-
axisymmetry 
Because the lens is not completely axisymmetric, a better description of the 
geometry could perhaps be obtained by dividing the lens into eight parts (see 
Figure 3). The choice of eight parts was a trade-off between the number of 
data-points per part and asymmetry. In order to obtain an accurate estimate 
of the SA and the VOL of the lens, the cross-sectional geometry, as proposed in 

Figure 3 Canny edge data-points of the 20 year-old subject divided into eight parts
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Figure 1, was fitted to each of the eight parts. The CSA, the SA and the VOL were 
calculated for each part, and the mean of the CSAs of all parts was calculated for 
each subject. Finally, the SA and the VOL of the parts were summed to obtain 
an estimate of the total SA and VOL in each accommodative state.

Step III: Parameter estimation from Scheimpflug images
The inclined position of the CCD camera, according to the Scheimpflug principle, 
causes geometric distortion (Type I). The light rays that form the image of the 
lens are also refracted by the cornea and the anterior side of the lens, causing 
refractive distortion (Type II). The correction for both types of distortion was 
performed with custom-developed software written in C++ (Dubbelman, Van 
der Heijde and Weeber, 2005). The index of refraction of the lens is needed to 
determine the path of the light-rays that originate from inside the lens and 
are refracted on the anterior lens surface. An equivalent index of refraction 
of the lens was estimated, using additional information on axial length and 
refractive error. After correction, the anterior and posterior central parabolics 
and total thickness were fitted at an aperture of respectively 4 mm and 5 mm 
with the Levenberg–Marquardt method. Due to the 2D Scheimpflug imaging 
technique, it has to be assumed that the lens is axisymmetric. The position of 
the axis of symmetry of the cross-sectional geometry inside the Scheimpflug 
object plane was also estimated. 
 
Figure 4 summarizes the scheme used to estimate the geometry of the lens. 
A Bland-Altman plot was constructed to compare the central parameters (R

ant
 

, R
post

 and TT) obtained from MRI and Scheimpflug measurements in order to 
validate both techniques. The non-parametric Wilcoxon signed rank test was 
used to investigate whether there was a statistical difference between the 
measurements in the unaccommodated and accommodated state, where p < 
0.05 was considered to be statistically significant.
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Figure 4 Estimation scheme for the MRI and Scheimpflug measurements
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Results
An example of two cross-sectional slices of the 3D MRI acquisition in 
unaccommodated and fully accommodated state are shown in Figure 5. 
Although the subjects had to fixate on the target and were requested to stay 
immobile for nearly ten minutes, no substantial artifacts due to motion were 
observed. The MR images showed high contrast between lens and vitreous, as 
well as aqueous humor, as can be seen in Figure 5a and 5b.

Figure 5a Example of two cross-sectional slices of the 3D MRI measurements of the 
20-year-old subject in unaccommodated (left) and fully accommodated state 
(right)
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The central anterior and posterior radius of curvature and the lens thickness 
were measured with MRI and Scheimpflug imaging. Figures 6a, 6b and 6c show, 
respectively, the anterior and the posterior radius and thickness of the lens 
of the subjects as a function of accommodation (in D at the spectacle plane). 
The mean decrease in anterior and posterior radius of curvature and the mean 
increase in lens thickness per diopter accommodation are presented in Table 1. 
The values obtained by Dubbelman et al. (2001) and Jones, Atchison and Pope 
(2007) were based on a 29 year-old subject, and the values reported by Strenk 
et al. (1999) were derived by applying linear regression to the reported data of 
subjects under 35 years of age.

Figure 5b Example of a complete 3D MRI acquisition of the anterior 
segment of the eye of the 20 year-old subject in the fully accommodated 
state

sagittal image

transversal
image

coronal image
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Geometric
parameter

Present study Literature Source

MRI Scheimpflug

Rant at 0 D
(mm)

11.45±1.7 12.15±0.6 11.25±0.4
Dubbelman et al. (2001)

29 year old-subjects

∆ Rant / A
(mm/D)

-0.51±0.5 -0.64±0.1 -0.61±0.15 Dubbelman et al. (2005)

Rpost at 
0 D

(mm)
6.11±1.4 5.82±0.6 6.01±0.3

Dubbelman et al. (2001)
29 year old-subjects

∆ Rpost 
/ A

-0.14±0.13 -0.16±0.1 -0.13±0.06 Dubbelman et al. (2005)

TT at 0 D
(mm)

3.66±0.14 3.684±0.06

3.63±0.07
Dubbelman et al. (2003)

29 year old-subjects

3.83±0.1
Jones et al. (2007)

29 year old-subjects

3.63±0.08
Strenk et al. (1999)

on average for subjects 
under 35 years of age

∆ TT / A
(mm/D)

0.061±0.03 0.045±0.01

0.045±0.012 Dubbelman et al. (2005)

0.050±0.024 Jones et al. (2007)

0.052±0.006 
Strenk et al. (1999)

on average for subjects 
under 35 years of age

Ratio at 
0 D

0.718±0.06 -

∆ Ratio / A 0.005±0.013 -

Req at 0 D
(mm)

4.79±0.13 -

4.59±0.15 Jones et al. (2007)

4.61±0.05
Strenk et al. (1999)

on average for subjects 
under 35 years of age

∆ Req / A
(mm/D)

-0.037±0.004 -

-0.033±0.015 Jones et al. (2007)

-0.035±0.005 
Strenk et al. (1999)

on average for subjects 
under 35 years of age 

Table 1 Values at 0 D accommodation (±SD) and rate of change (±SD) of the five 
geometric parameters in step I measured with MRI and Scheimpflug techniques and 
values from the literature. A = the accommodative response amplitude
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The ratio between anterior and posterior thickness with respect to the 
equatorial plane and the equatorial radius, were only obtained with MRI. 
Figures 7a and 7b show the ratio between anterior and posterior thickness 
and the equatorial diameter as a function of accommodation. This ratio varied 
slightly with accommodation for different subjects, the mean value (±SD) at 0 
D accommodation was 0.718±0.03 and at maximum accommodation it was 
0.744±0.02.

Based on eight lens parts, the mean CSA, SA and VOL in the group of healthy 
subjects was determined. Figures 8a, 8b and 8c show the mean CSA, SA and 
VOL of the lens as a function of accommodation.  Figure 9 shows the equatorial 
radius of the eight parts for each subject, obtained in steps I and II. The non-
rotational symmetric shape of the lens results in different values per part in 
each subject. The value obtained in step I can therefore be under-estimated or 
overestimated, depending on the non-rotational symmetric shape. 

The mean CSA increased with accommodation from 25.9±0.2 to 27.1±0.3 
mm2, with an average of  0.2±0.1 mm2/D, which is significant according to 
the Wilcoxon signed rank test (p = 0.04). The mean SA of the capsular bag 
decreased significantly (p=0.04) with accommodation from 175.9±2.8 to 
167.5±2.9 mm2, which is a difference of 8.4 mm2. The mean decrease in SA 
per diopter accommodation was -1.4±0.2 mm2/D. The decrease in SA is 
equivalent to a mean strain of 5.0% (the change in SA divided by the SA at 
maximum accommodation). The mean lens volume was 160.1±2.5 mm3 in the 
unaccommodated state and 160.2±2.7 mm3 in the accommodated state, which 
does not represent a significant difference according to the Wilcoxon signed 

Figure 7 Ratio between anterior and posterior thickness and equatorial radius 
measured with MRI (step I)
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rank test (p=0.9). The 95% confidence interval of the difference in volume 
between the measurements in accommodated and unaccommodated state  
was -1.8 to +1.5 mm3, corresponding to ±1%. A typical estimate of the shape of 
the lens of the 20 year-old subject during accommodation is shown in Figures 
10 and 11. 

During accommodation the lens becomes thicker, while there is a decrease in 
the equatorial diameter and also in both the anterior and the posterior central 
radii of curvature. Table 2 shows the results of the comparison between the 
MRI and the Scheimpflug measurements. The small bias and 95% limits of 
agreement indicate that the MRI results are in accordance with the Scheimpflug 
measurements.

Figure 9 Equatorial radius of the lens parts at 0 D accommodation for all subjects 
computed in step II while dashed lines represent the equatorial radius of the parts 
obtained in step I
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Table 2 Data from the Bland-Altman plot of anterior radius, posterior 
radius and total thickness measured with MRI and Scheimpflug 
imaging in the accommodated and unaccommodated state

 Rant Rpost TT

Bias -0.24 0.32 0.02

SD of bias 1.39 1.16 0.11

95% Limit of agreement
Confidence interval

-2.97    2.49 -1.96     2.59 -0.19     0.24

Figure 11. Change in geometry of the 20 year-old subject measured with 
Scheimpflug photography. The complete geometry is visualized based on 
a Ratio and R

eq
 obtained from the MRI results in disaccommodated and 

accommodated state (4.85 D)

Figure 10. Change in 3D geometry according to the MRI measurements of the 
20 year-old subject in disaccommodated and accommodated state (4.85 D)
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Discussion and conclusion
In the present study, a parametric geometric description of the cross-sectional 
shape of the human lens was fitted to 3D MRI and 2D Scheimpflug images of 
five healthy subjects of different ages. By dividing the lens into eight parts, it was 
possible to describe the changes in the geometry of the complete lens during 
accommodation. In accordance with the Helmholtz accommodation theory, 
the anterior and posterior radius of the lens decreased with accommodation. 
Furthermore, there was a decrease in the equatorial radius, while there was an 
increase in the  thickness of the lens, which is in agreement with the results of 
the MRI study carried out by Strenk et al. (1999) and the Scheimpflug studies 
carried out by Brown (1973), Koretz, Cook & Kaufman (2002) and Dubbelman 
et al. (2005). The ratio between anterior and posterior thickness, with respect 
to the equatorial plane of the lens, was approximately 0.73, and in some cases 
it changed slightly during accommodation. This ratio is in accordance with the 
ratio reported by Glasser and Campbell (1999) and Rosen, Denham, Fernandez, 
Borja, Ho, Manns, Parel and Augusteyn (2006).

The parametric geometry of the entire lens made it possible to estimate the 
CSA, the SA and the VOL of the lens. The mean CSA increased significantly 
with accommodation, but there was no change in lens volume. This finding 
seems to be in contrast with the findings of Strenk et al. (2004) who suggested 
that the volume of the lens should increase with accommodation because 
of the increase in CSA that was measured. However, an increase in CSA does 
not necessarily imply a change in volume (Judge & Burd, 2004).  Gerometta, 
Zamudio, Escobar and Candia (2007) built a model of the human lens during 
accommodation and found an increase of approximately 2.6% in volume 
during accommodation for a typical 20 year-old human subject. However, 
our in-vivo 3D MRI measurements showed that there was no change in lens 
volume during accommodation with a 95% confidence interval of ±1%. This 
makes it clear that the lens material can be assumed to be incompressible with 
a Poisson’s ratio of approximately 0.5 if no volume is transported in or out of 
the lens. Moreover, the mean SA of the capsular bag showed a decrease during 
accommodation, resulting in a mean strain of 5.0%. The change in SA indicates 
that the capsular bag is elastically deformed during accommodation. 

In this study, a comparison was made between Scheimpflug and MR imaging 
for the central lens parameters. These two techniques produced no significant 
difference in the lens thickness or the anterior and posterior radius. Koretz, 
Strenk, Strenk and Semmlow (2004) combined MRI measurements with 
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geometrically corrected Scheimpflug imaging. Statistical agreement was found 
between the MRI and the Scheimpflug data–sets, with the exception of the 
posterior lens radius of curvature. In a similar study, Fea et al. (2005) compared 
Orbscan II (Bausch and Lomb) and MRI measurements of the anterior chamber. 
The results indicated that there was no difference in the measurements of the 
anterior chamber depth (ACD). 

For the purpose of comparison, Table 1 summarizes the results of the present 
study and the in-vivo studies of Dubbelman et al. (2001, 2003, 2005), Jones et 
al. (2007) and Strenk et al. (1999). The results of the present study are consistent 
with the results of Dubbelman et al. (2001, 2003, 2005), who measured the 
radii of curvature and central lens thickness as a function of accommodation 
stimulus, in a large group of subjects who varied in age. The changes in lens 
thickness and equatorial radius correspond well with the results reported by 
Jones et al. (2007) and Strenk et al. (1999). The higher rate of increase in lens 
thickness is probably due to the fact that the results of the present study are 
with respect to accommodative response. The Dubbelman and Jones studies 
report their results with respect to the accommodative stimulus. Strenk et 
al. (1999, 2004) , Koretz et al. (2004) and Jones et al. (2007) made in-vivo MRI 
measurements of one 3 mm thick axial slice as a function of accommodation, 
but did not determine the volume or surface area of the lens. Rosen et al. (2006) 
approximated the volume of the lens based on Strenk’s MRI measurements, 
and calculated that the volume increases with age from 130 mm3 to 200 
mm3 (20 – 62 years of age). Koretz, Cook & Kaufman (2001) approximated the 
volume of the lens by a solid of revolution of the central anterior and posterior 
boundaries. Assuming that the scale of Figure 2 in Koretz et al. (2001) should be 
multiplied by a factor of 1000, Koretz found a volume of 200 mm3, increasing 
with age to 260 mm3. Compared to the  mean volume (160 mm3) found in the 
present study, the approximation of Koretz is higher, and this can probably be 
explained by simplification of the lens geometry. 

No in-vivo measurements of the strain of the capsular bag have yet been carried 
out. However, in a previous study we built finite element models of the human 
lens at different ages and states of accommodation (Hermans, Dubbelman, 
Van der Heijde and Heethaar, 2008). For a typical 29 year-old subject we found 
a mean strain of  4.9% for the capsular bag, which is similar to the mean strain 
of 5.0 % which was measured in the group of healthy subjects in the present 
study.
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In the present study the non-axisymmetrical lens was sub-divided into eight 
parts, and the volume of each individual part was calculated. The mean CSA 
increased, while the SA decreased with accommodation, but no significant 
change was found in total lens volume. This indicates that the internal human 
lens material can be assumed to be incompressible and that it undergoes 
elastic deformation. Moreover, the change in surface area indicates that the 
capsular bag is also undergoing elastic deformation. Further research on the 
non-rotational symmetric properties of the human lens should be carried out to 
obtain more insight into the 3D geometric changes during accommodation.
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Abstract
Knowledge about geometric properties such as shape and volume and Poisson’s 
ratio of the nucleus can be used in the mechanical and optical modeling of 
the accommodation process. Therefore, Scheimpflug imaging was used to 
determine the shape of the human lens nucleus during accommodation in 
five subjects. In order to describe the shape of the nucleus, a parametric model 
of the cross-sectional geometry was fitted to the gradient of the Scheimpflug 
images, using the Hough transform. The geometric model made it possible to 
estimate the anterior and posterior central radius, central thickness, equatorial 
diameter and cross-sectional area of the nucleus. Assuming that the nucleus 
is rotationally symmetric, the volume of the nucleus can be estimated by 
integrating around the circumference. For all five subjects, the results show that 
during accommodation the nucleus became more convex and that the central 
thickness increased, whereas the equatorial diameter decreased. This decrease 
in equatorial diameter of the nucleus with accommodation is in accordance 
with the Helmholtz accommodation theory. Finally, the volume of the nucleus 
(on average 35 mm3) showed no significant change during accommodation 
in any of the subjects, presumably due to the fact that the human nucleus 
consists of incompressible material with a Poisson’s ratio that is near 0.5. 
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Introduction
In order to understand the accommodation mechanism, accurate 
measurement and description of the geometric changes in the human lens 
during accommodation is important. It has been shown that the increase in 
lens thickness during accommodation mainly corresponds to a change in the 
central thickness of the nucleus, while the thickness of the cortex of the lens 
remains the same ( Patnaik, 1967; Brown, 1973; Dubbelman, Van der Heijde, 
Weeber, & Vrensen, 2003; Koretz, Cook, & Kaufman, 1997 ). As a result, it is 
generally assumed that the changes in the nucleus play a substantial role in 
the accommodation process.

Using Scheimpflug imaging it is possible to give an accurate description of 
the central geometry of the lens with accommodation (Dubbelman, Van der 
Heijde, & Weeber, 2005). Imaging of the equator of the lens is not possible, 
because it is located behind the iris. However, it is possible to capture the 
equator of the nucleus. A simple, but complete parametric description of 
the shape of the nucleus during accommodation would be useful for optical 
(Norrby, 2005) and mechanical modeling (Burd, Judge, & Cross, 2002) of the 
accommodation system, and could be used to gain insight into the process 
of accommodation. In particular, the exact mechanism of accommodation 
is still a subject of discussion (Atchison, 1995). For instance, Schachar, Tello, 
Cudmore, Liebmann, Black & Ritch (1996) opposed the conventional Helmholtz 
theory of accommodation (Von Helmholtz, 1855) by assuming that during 
accommodation the equatorial diameter of the lens increases, instead of 
decreasing according to the Helmholtz theory.

Brown (1973), who made quantitative measurements of the shape of the human 
nucleus using Scheimpflug photography, made a distinction between anterior 
and posterior nuclear thickness with respect to the equatorial plane, and 
determined the equatorial diameter of the nucleus. Cook & Koretz (1991; 1998) 
proposed a method to parametrically estimate the central shape of the lens. 
This method was also applied to determine the central shape of the nucleus of 
the lens (Koretz, Cook, & Kaufman, 2001; 2002). However, earlier studies in which 
Scheimpflug photography was used have not taken into account the fact that 
the nucleus is imaged through the cornea and the anterior lens surface. As a 
result, the nucleus appears distorted on the Scheimpflug image, and correction 
is needed in order to be able to determine the shape accurately (Dubbelman & 
Van der Heijde, 2001; Fink, 2005). 



50

Chapter 3

Since the central thickness of the nucleus changes with accommodation, a 
possible change in lens volume would primarily be expected in the nucleus. 
Based on magnetic resonance imaging (MRI) measurements Strenk, Strenk, 
Semmlow, & DeMarco (2004) determined the cross-sectional area (CSA) of 
the human lens as a function of age and accommodation. Strenk suggested 
that the lens might be compressed in the unaccommodated state. However, 
change in the CSA does not necessarily imply change in lens volume (Judge & 
Burd, 2004). The change in volume of the human lens nucleus has not yet been 
measured in vivo as a function of accommodation. 

In the present study, Scheimpflug imaging was used to determine the shape of 
the nucleus as a function of accommodation in five subjects. The Scheimpflug 
images were corrected for optical distortion, and a pattern-recognition 
technique was applied to determine the shape of the nucleus. The shape was 
described by a parametric representation from which the CSA, the volume and 
the change in volume during accommodation could be estimated. 

Method
The sample population consisted of five subjects, between the ages of 16 
and 32 years, who had no ocular abnormalities, diabetes mellitus, cataract or 
previous ocular surgery. Experiments were performed with the understanding 
and written consent of each subject, according to the tenets of the Declaration 
of Helsinki. Images of the anterior segment of the eye were obtained with the 
Topcon SL-45 Scheimpflug camera, the film of which was replaced by a CCD-
camera (St-9XE, SBIG astronomical instruments) with a dynamic range of 16 bits 
of grey values (512 x 512 pixels, pixel size 20 x 20 micrometer, magnification: 
1x). Ocular axial length was measured with the IOL Master (®Zeiss), which is 
based on partial coherence interferometry (Drexler et al., 1998), and the ocular 
refractive error was measured with the IRX3 aberrometer (Imagine Eyes Optics, 
Orsay, France).

In order to capture the image of the complete nucleus, the pupil of the right 
eye of each subject was dilated with two drops of 5% phenylephrine HCl. 
The subjects were instructed to fixate on a fixation light in the Scheimpflug 
camera, while the slit of the camera was aligned along the optical axis of the 
right eye. Next, the subjects fixated with the left eye on a Maltese star, the 
position of which can be adjusted horizontally and vertically by remote control 
until the subject reports that the fixation light of the Scheimpflug camera is 
superimposed on the centre of the Maltese star, after which the internal 
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fixation light of the camera was turned off. The subject was then asked to focus 
on the Maltese star and three images were obtained. Scheimpflug images of 
the right eye as a function of accommodation were also obtained. For these 
images, the same procedure was adhered to, except that in order to induce 
accommodation the power of a lens positioned 19 mm in front of the left eye 
was increased in steps of -1 D. The measurements were performed until the 
subject indicated that it was no longer possible to obtain a sharp image of the 
star. Using the position and power of the different lenses placed in front of the 
eye, the accommodation stimulus was converted to the accommodation at the 
corneal plane (Rabbetts, 1998).

Figure 1. Scheimpflug image of the cornea and lens of a 28 year-old subject
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Post-processing of the Scheimpflug images
Based on the gradient of the central densitogram, Dubbelman et al. (2003) 
defined the central thickness of the nucleus from the edges of the C3 zone, 
according to the Oxford classification system (Sparrow, Bron, Brown, Ayliffe, 
& Hill, 1986). In the present study the complete nucleus was also defined by 
the boundaries of the C3 zone, the identification of which was based on the 
gradient of a Scheimpflug image. Therefore, a Canny edge filter (Canny, 1986) 
was used to compute the gradient G, with G

x
 and G

y
 the components in x- and 

y-directions (respectively radial and axial directions). The Canny edge filter was 
composed of the directional derivatives of a Gaussian filter (standard deviation 
σ = 1 pixel), and was convoluted with the original image. Cook & Koretz (1998) 
showed experimentally that for the detection of internal lens boundaries the 
inverse magnitude of the gradient I

grad
 provides good contrast: 

2 2

1
grad

x y

I
G G

=
+

      (1)

In order to improve contrast, thresholding and gamma correction (factor 
0.5) were used to map the values of I

grad
 to values between zero (black) and 

one (white). Figure 2 gives an example of the result of this procedure for the 
Scheimpflug image as shown in Figure 1.

Figure 2. Visualization of the Canny edge filtered inverse magnitude gradient I
grad

, σ = 1, 
gamma correction factor = 0.5 and thresholding. Black corresponds to a high gradient, 
and thus a large change in grey value between adjacent pixels in the original image
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Parametric description of geometry
Kasprzak (2000) proposed an analytical function that describes the whole 
axisymmetric lens profile in an accommodated and a disaccommodated state. 
This function could also be used to describe the geometry inside the lens. 
However, a disadvantage of this method is the high number of parameters that 
have to be fitted simultaneously on rotational symmetric data. Therefore, in 
the present study parametric geometry was used which has the advantage of 
describing a non-symmetrical cross-section of the whole nucleus. Furthermore, 
this type of  geometry makes it possible to estimate the anterior and the 
posterior sides of the nucleus separately, and therefore there are less parameters 
that have to be fitted simultaneously. Figure 3 illustrates the geometric model 
which consists of central anterior and posterior parabolics: 

( )2
0

0 2
x x

y y
R

−
= +       (2)

with (x
0
, y

0
) as the apex position and R as the central radius of curvature at an 

aperture of 3.5 mm. The positions of left (x
EQL

, y
EQL

) and right (x
EQR

, y
EQR

) equators 
were used to form a nucleus shape, using four curves that closed the periphery 
of the nucleus. It was assumed that the curve describing the outline of the 
nucleus was continuous, that the derivative of this curve was continuous, 
and that the y derivative was zero at the equators. We chose to describe 
the parametric curve with as few parameters as possible. Therefore, nucleus 
geometry was closed with four polynomials of the third order. 

Figure 3. Geometric representation of the nucleus of the human lens; x- and y-axes 
are respectively representing the radial and axial directions
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The four curves in the periphery were described with the following formula: 

2 3( ) ( )perifery EQ perifery EQ perifery EQx x a y y b y y= − − − −   (3)

with (x
EQ, 

y
EQ

) as the position of left or right equator and (x
perifery, 

y
perifery

) as the co-
ordinates of curves in the periphery.

Omitting the term of the first order in (3) guaranteed that the y derivative 
was zero at the equator ( y

perifery 
= y

EQ
 ). For every curve in the periphery the 

parameters a and b were constrained by the necessary continuity of function 
and derivative at the interception point with the central parabolic:

( )( ) ( )
( )( )

0
2

0

3 3eq i i eq i

i i eq

x x x x R y y
a

x x y y

− − + −
=

− −
    (4)

( )( ) ( )
( )( )

0
3

0

2 2 i i eq i eq

i i eq

x x x x R y y
b

x x y y

− − + −
=

− −
    (5)

with (x
i
,
 
y

i
) as the position of the interception point between the central 

parabolic (3.5 mm aperture) and the specific curve in the periphery. 

Parametric estimate of geometry using the Hough transform
In order to fit the nucleus geometry to the gradient image I

grad
 a Hough 

transform, similar to the Hough transform proposed by Cook & Koretz (1991; 
1998) was applied to the Scheimpflug image.  Movie 1 shows a typical example 
of this fitting procedure for the 28 year-old subject. 
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First, it was necessary to make an initial estimate of the anterior and posterior 
parabolic parameters and the left and right equator positions. On the boundary 
of the nucleus, points in the gradient image I

grad
 were selected manually by 

mouse to obtain this initial estimate. Subsequently, two parabolics were 
fitted through these selected points with the Levenberg-Marquardt method. 
Furthermore, the initial parabolics were plotted, and mouse-dragging of the 
equator positions was possible with a real-time update of the curves closing 
the periphery. The left and right equator positions were determined manually, 
based on the darkest transition in equatorial direction of the gradient image. 
It was possible to make an extra visual check of equator position, because the 
curves in the periphery should lie on the darkest pad between equator and 
interception point. 

With the parametric geometry description it is possible to execute the anterior 
and posterior Hough transform separately. For the anterior and posterior side 
a three dimensional matrix was formed, containing values around the initial 
estimate of central parabolic parameters x

0 start 
, y

0 start
 and R

start
:

x
0 start

  -    4 :  x
0 start

  +   4  pixels in 1-pixel steps
y

0 start
  -    4 :  y

0 start
  +   4  pixels in 1-pixel steps

R
start

    - 30 : R
start

   + 30  pixels in 3-pixel steps

In this way all possible combinations of x
0 

, y
0
 and R formed (9 x 9 x 21 =) 1701 

parabolics around the first estimate. The value for the Hough transform of 

Movie1. Hough transform procedure to fit the parametric 
geometry of the nucleus to the gradient image I

grad
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a specific set (x
0 

, y
0
 , R) was composed by evaluating the line integral of the 

gradient image I
grad

 along that specific corresponding parabolic. In order to fit 
not only the central parabolic, but also the complete anterior and posterior 
geometry of the nucleus, the anterior and posterior curves in the periphery 
were included in the evaluation of the line integral. For every combination of 
(x

0 
, y

0
 , R) the Hough transform was carried out, resulting in a three-dimensional 

Hough transform matrix. The global minimum in the Hough transform matrix 
corresponds to  the parameters that describe an edge. If the initial estimate was 
close enough, the global minimum of the Hough transforms corresponded to 
the best fit of parametric geometry of the nucleus. 

Figure 4. Nucleus detection before (left) and after correction (right) for type I and II 
distortions (subject of 28 years old)

Correction for distortion
The inclined position of the CCD-camera, according to the Scheimpflug 
principle, caused distortion (type I). Furthermore, the light rays which form the 
image of the nucleus are refracted by the cornea and the anterior side of the 
lens (type II). The correction for both types of distortion was performed with 
custom-developed software written in C++ (Dubbelman et al., 2005). Figure 
4 illustrates the influence of the correction algorithm on the original image. 
Before correction the parametric model was fitted with the Hough transform. 
After correction, anterior and posterior central parabolics were fitted at an 
aperture of 3.5 mm (green curves) with the Levenberg-Marquardt method to 
describe the corrected geometry . 
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The index of refraction of the lens is needed to determine the path of the light 
rays that originate from inside the lens and that are refracted at the anterior 
lens surface. An equivalent index of refraction of the lens was estimated from 
the ocular axial length and refractive error at zero diopter of accommodation 
stimulus (Dubbelman et al., 2005). It was assumed that the equivalent index of 
refraction did not change during accommodation.

Calculation of the volume
The estimation of cross-sectional parametric curves leads to a non-
axisymmetric geometry because the axis defined by the anterior and posterior 
apex locations does not need to be perpendicular to the equatorial plane 
defined by both equator positions. Unlike the estimate, the results are given 
under the assumption of a nucleus which could be described by axisymmetric 
geometry. Therefore, the equatorial diameter of the nucleus was estimated by 
the distance between both equator positions. Subsequently, the thickness of 
the nucleus was divided into an anterior and posterior thickness by the line 
drawn through both equators. In order to determine the cross-sectional area 
(CSA) enclosed by the geometry of the nucleus, the integrals over the anterior 
and posterior nucleus curves (formulas (2) and (3) ) were subtracted:

( ) ( )
xEQR xEQR

post ant
xEQL xEQL

CSA f x f x= −∫ ∫     (6)

with  f
ant

 (x) and  f
post

 (x) as the respectively anterior and posterior curves as a 
function of the radial position ( x ). The volume of a solid of revolution with 
respect to an axis of rotation can be determined according to the following 
formula (Arfken & Weber, 2001):

( )2dV f y yπ= ∫        (7)

with f (y) as the axisymmetric cross-section curve as a function of the axial 
position ( y ) with respect to the axis of rotation. In order to calculate the volume 
of the nucleus, we choose to rotate along the vertical axis ( x  = 0 in Figure 
3) which was defined by the mean of anterior and posterior apex locations. 
Because the nucleus is not symmetric around this rotation axis, the volume 
was calculated for both the left and right half of the nucleus using formula (7). 
Finally the mean of these two volumes was taken to obtain the volume of the 
nucleus. 
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Results
A typical estimate of the shape of the nucleus during accommodation for a 16 
year-old subject is shown in Movie 2. During accommodation, the nucleus of 
the lens becomes thicker, while the equatorial diameter decreases and both 
the anterior and the posterior central radii of curvature decrease. 

Figure 5 shows the anterior and posterior radius of the nucleus of the 16 year-old 
subject as a function of accommodation stimulus. Figure 6 shows the anterior 
and posterior thickness, as well as the ratio between these entities, and Figure 
7 shows the equatorial diameter. Figure 8 and Figure 9 illustrate the CSA and 
the volume change with accommodation for the 16 year-old subject. Linear 
regression showed that the CSA increased significantly (p < 0.0001, r = 0.71 ) 
with accommodation, but that there was no significant change ( p = 0.61, r = 
-0.08 ) in volume of the nucleus. Moreover, none of the other subjects showed 
any significant change in lens volume (p > 0.05), and the mean volume was 35 
mm3. If no volume transport takes place in or out of the nucleus, the constant 
volume implies that the material inside the lens nucleus can be assumed to be 
incompressible.

The results of regression analysis for all subjects are shown in Table 1. With 
increasing accommodation stimulus a continuous reduction of the anterior and 

Movie 2. Change in nucleus geometry of the 16 year-old subject 
between an accommodation stimulus of 0 (left) and 10.4 D (right)
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Figure 6. Anterior and posterior nuclear thickness and the ratio between anterior 
and posterior nuclear thickness as a function of accommodation stimulus for the 
16 year-old subject
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Figure 5. Anterior and posterior central nucleus radius as a function of accommodation 
stimulus for the 16 year-old subject 
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posterior central radii of the nucleus, on average with respectively 0.14 mm/D 
and 0.07 mm/D is demonstrated. There was a continuous total thickening of 
on average 0.04 mm/D with accommodation, while the equatorial diameter 
continuously decreased on average by 0.05 mm/D. For the 16 and 24 year-old 
subjects, linear regression analysis made it clear that the ratio between anterior 
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and posterior thickness did not change with accommodation ( p > 0.05 ). 
However, for the other three subjects there was a significant change in the 
ratio of anterior and posterior thickness during accommodation. On average, 
the mean value for this ratio at 0 diopter was 0.95. Table 2 shows geometry 
parameter values for the 28 year-old subject before and after correction for the 
two types of distortion (type I and II). This example indicates that correction 
for distortion does have a significant influence on the estimated shape of the 
nucleus.

In order to relate the changes in shape of the nucleus to the overall changes in 
lens shape, the ratio between the anterior and posterior radius of the nucleus 
and those of the whole lens have been investigated. Figure 10 shows for all 
subjects the average ratio between the radius of  the anterior nucleus and 
anterior lens surface and that of the posterior nucleus and posterior lens 
surface as a function of accommodation stimulus. On average the ratio for the  
anterior and posterior surface is 0.39 and 0.51, respectively. This ratio can be 
used in optical and mechanical modeling to assume a shape of the nucleus 
when only the shape of the whole lens is available.

Figure 7. Nuclear equatorial diameter as a function of accommodation stimulus for 
the 16 year-old subject
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Anterior 
radius
(mm)

Posterior
radius
(mm)

Anterior 
thickness

(mm)

Posterior 
thickness

(mm)

ANT/POST 
thickness

ratio

Equatorial 
diameter

(mm)

CSA

(mm2)

Volume

(mm3)

Uncor-
rected

5.30 4.49 1.20 1.16 1.03 6.92 10.95 45.5

Corrected 3.67 2.59 1.14 1.22 0.93 5.59 8.81 29.5

Table 2. Uncorrected and corrected (type I and II) geometry parameters of the nucleus 
for the 28 year-old non-accommodating subject

Figure 8. Cross-sectional area as a function of accommodation stimulus for the 
16 year-old subject
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Figure 9. Volume as a function of accommodation stimulus for the 16 year-old subject
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Figure 10. Average ratio between the anterior and posterior radius of the nucleus 
and those of the whole lens as a function of accommodation stimulus
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Discussion and conclusion
In the present study, nucleus shape detection using Scheimpflug imaging, 
gradient-imaging techniques and a parametric geometric description fitted 
with the Hough transform was performed in five subjects of different age. 
Corrections were applied for the distortions inherent to the Scheimpflug 
principle and the refraction of cornea and lens. These corrections are necessary 
because the distortions appeared to have a significant influence on the 
determination of lens geometry. In accordance with the findings of Koretz et al. 
(2002) and Dubbelman et al. (2005), with increasing accommodation stimulus 
a reduction of anterior and posterior radius of curvature was found. With 
increasing accommodation stimulus the equatorial diameter decreased and 
the anterior and posterior thickness of the nucleus increased, which was also 
in agreement with the Scheimpflug studies carried out by Brown (1973) and 
Dubbelman et al. (2003). The ratio between anterior and posterior thickness 
with respect to the equatorial plane of the nucleus was approximately 0.95, 
and in some cases it changed slightly during accommodation. Based on the 
central radii and equator positions, the entire geometry of the nucleus could 
be described with a parametric shape that made it possible to estimate the 
CSA and volume (on average 35 mm3). The CSA of the nucleus increased with 
accommodation but no significant change of volume of the nucleus was found. 
Therefore, the nucleus can be assumed to be incompressible with a Poisson’s 
ratio near 0.5 if no volume transport occurs in or out of the nucleus. This finding 
seems to be in contrast with Strenk et al. (2004) in which it was concluded that 
the volume of the lens should increase with accommodation because of the 
increase of CSA that was measured. Nevertheless, an increase of CSA does not 
necessarily imply a change of volume (Judge & Burd, 2004) as also has been 
shown for  the nucleus in the present study.

In the literature, no in vivo quantitative estimation of the geometry of the 
nucleus using another technique than Scheimpflug photography has yet 
been reported. It is therefore only possible to make quantitative comparisons 
between the results of the present study and earlier Scheimpflug measurements 
reported by Brown and Koretz. Brown (1973) measured the central thickness 
and equatorial diameter of the nucleus of the human lens, and  Koretz et 
al. (2001) measured the anterior and posterior radius. However, in these 
Scheimpflug studies no explicit correction for the type II distortions have 
been carried out. Nevertheless, a comparison between the regression analysis 
performed by Koretz et al. (2001), the measurements made by Brown (1973) 
and the results of the present study was made at zero diopter accommodation 
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stimulus. The results of the anterior and posterior radius reported by Koretz et 
al. (2001) (on average R

ant 
= 3.6 mm , R

post 
= 3.4 mm) and the results of our study 

(on average R
ant 

= 4.0 mm , R
post 

= 3.2 mm) were of the same order. Furthermore, 
the central anterior and posterior thickness measurements (on average 1.2 
and 1.3 mm respectively) were in agreement with those reported by Brown 
(1973) (on average 1.3 and 1.4 mm respectively), which result in a ratio of 0.93 
between anterior and posterior thickness. Although no type II correction has 
been applied in these former studies only the estimated equatorial diameter 
(on average 5.8 mm) was approximately 15% lower than the Scheimpflug 
measurements reported by Brown (1973) (on average 7.0 mm). Table 2 shows 
that the determination of the thickness of the nucleus was not influenced by 
distortion. This could be explained by the image formation of the central part 
of the lens. A chief ray that originates from the central lens area crosses the 
cornea at an almost perpendicular angle, and is only slightly refracted. The chief 
ray continues to the image plane of the camera and forms the image. A chief 
ray in the peripheral part of the lens crosses the cornea under a more oblique 
angle, resulting in more image distortion. As a result, the difference found in the 
equatorial diameters can be explained by the fact that the peripheral equators 
were more distorted by the refraction of cornea and lens (type II).

Koretz et al. (2001) approximated the nuclear volume by the solid of revolution 
of the central anterior and posterior boundaries. Assuming that the scale of 
Figure 2 in Koretz et al. (2001) should be multiplied by a factor of 1000, Koretz 
found a mean volume of approximately 40 mm3. This slightly higher result can 
probably be explained by the image distortion (type II), as already indicated in 
the above section, and the simplification of nucleus geometry. 

The equatorial diameter of the complete lens is invisible with Scheimpflug 
photography because it is located behind the iris. Schachar & Bax (2001) built 
a non-linear finite element model of a deformable lens, and estimated that 
equatorial diameter should increase during accommodation. However, with 
Scheimpflug imaging the equator of the nucleus is visible, and in the present 
study the equatorial diameter of the nucleus showed a continuous decrease 
with accommodation. This change of equatorial diameter is in accordance with 
the MRI study of Strenk, Semmlow, Strenk, Monuz, Gronlund-Jacob & DeMarco 
(1999) who found also a decrease of equatorial diameter of the whole lens 
with accommodation. As it is unlikely that the equatorial diameter of the 
nucleus decreases while that of the whole lens increases with accommodation, 
it can be concluded that the results are in agreement with the Helmholtz 
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accommodation theory (Von Helmholtz, 1855). 
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Abstract
Purpose:  To experimentally verify the suggestion of Gullstrand (1909), i.e. that the 
equivalent refractive index of the human lens increases with accommodation.

Methods: The left eye of five subjects was focused on different accommodation 
stimuli, while the right eye was imaged with Scheimpflug photography in 
order to obtain the shape of the lens and cornea during accommodation. The 
procedure was then repeated, but instead of using the Scheimpflug camera, 
the accommodative response of the right eye was measured objectively 
with an aberrometer. The axial length was measured with a Zeiss IOL-master. 
Combining the results of these measurements made it possible to correct 
the digital Scheimpflug images for corneal and lenticular refraction, and to 
simultaneously calculate the equivalent refractive index of the lens for all 
different accommodative stimuli. This equivalent refractive index is based 
on the assumption that the lens consists of a homogeneous medium with a 
single refractive index. Furthermore, a two-compartment model of the lens 
was constructed, with a nucleus and a cortex.

Results: In all five subjects there was no significant change in the equivalent 
refractive index of the lens as a function of accommodation. The mean equivalent 
refractive index was 1.435 ± 0.008. Furthermore, the accommodative response 
appeared to be lower than the accommodative stimulus (i.e. accommodative 
lag). It appeared to be possible to model the optical power of the lens, based 
on the geometry of cortex and nucleus. Based on a refractive index of 1.406 for 
the nucleus, the mean refractive index of the cortex was 1.381.

Conclusions: Gullstrand suggested that the change in power of the lens that 
is needed for accommodation does not result from changes in lens thickness 
and surface curvature alone, but also from changes in the distribution of the 
refractive index within the lens. As a result, there would be an increase in the 
equivalent refractive index with accommodation. He called this process the 
intra-capsulary mechanism of accommodation. However, we found that the 
equivalent refractive index of the lens does not change with accommodation 
when the accommodative lag is taken into account. Furthermore, it appeared 
to be possible to simulate the accommodative process of a subject with a two-
compartment model with constant refractive indices.
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Introduction
The equivalent refractive index of the crystalline lens is defined as the index of 
a uniform lens with the same anterior and posterior surfaces and optical power 
as the crystalline lens. Using a ray trace, Gullstrand (1909) was able to deduce 
the equivalent refractive index (Le Grand & El Hage, 1980) in the ‘Gullstrand’s 
No.2 simplified schematic eye’. He found that the equivalent index increased 
during accommodation from 1.413 to 1.424, which he called the intra-capsulary 
mechanism of accommodation. According to Gullstrand, fibers inside the lens 
slide on each other during accommodation, and therefore alter the equivalent 
index of the lens. 
 
Using phakometry, i.e. photography of the Purkinje images, Fincham (1937) was 
able to calculate the changes in curvature and position of the lens surfaces of 
two 19 year-old subjects. According to the Le Grand full theoretical eye, which 
was based on the measurements made by Fincham (1937), an equivalent 
index of 1.413 which was found in both subjects showed an increase with 
accommodation to respectively 1.432 and 1.415 in each subject. More recently, 
Garner and Yap (1997) used phakometry to calculate the changes in curvature 
and position of the lens surfaces in 11 subjects between 18 and 28 years of 
age. Combined with ultrasonography to measure the intraocular distances, a 
mean equivalent refractive index of 1.4277 was determined (Garner and Smith, 
1997). There was no significant difference in the equivalent refractive index 
with accommodation. Furthermore, based on a model gradient refractive index 
(GRIN) structure of the lens, and an assumed central refractive index of 1.406, 
it was possible to simulate the accommodation process with a mean surface 
refractive index of 1.3859. Dubbelman, Van der Heijde and Weeber (2005) 
used the same approach as Garner et al. (1997) to determine the equivalent 
refractive index with Scheimpflug photography. Based on the accommodative 
stimulus, they observed an increase in the equivalent refractive index with 
accommodation. However, the accommodative response to the different 
accommodative stimuli was not measured objectively, and therefore could not 
be used to compute the equivalent refractive index.

The results of Garner et al. (1997) and Dubbelman et al. (2005) show an 
equivalent refractive index that is higher than the refractive index distributions 
that are measured in-vitro (Nakoa & Ono 1969, Pierscionek & Chan 1989). 
The optical power of the lens does not only consist of anterior and posterior 
surface powers, but also of the optical power that is formed by the change 
in refractive index throughout the lens (Smith 1991, 1998). Therefore, a model 
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with one uniform refractive index does not represent the real refractive index 
distribution of the human lens. In addition to deducing the equivalent index, 
Gullstrand also introduced the concept of a nucleus with a refractive index of 
1.406 and a cortex with a refractive index of 1.386. This Gullstrand’s No.1 exact 
schematic eye provides an unaccommodated and a maximal accommodated 
state in which the nucleus shows a greater increase in optical power with 
accommodation than the lens surface powers. Although the concept of a 
nucleus was purely abstract, it indicates the presence of an intra-capsulary 
mechanism  (Le Grand & El Hage, 1980). 

In this study, the cornea and the lens were measured with corrected Scheimpflug 
imaging at different accommodative stimuli. Subsequently, using the same 
accommodative stimuli, the accommodative response was measured with 
aberrometry. After measuring the axial length it is possible to calculate the 
equivalent refractive index. The changes in the equivalent refractive index as a 
function of accommodative response can indicate whether or not there is an 
intra-capsulary mechanism of accommodation. Furthermore, the geometry of 
the nucleus was derived from the Scheimpflug measurements to construct a 
two-compartment model, as proposed by Gullstrand.

Method
2.1 Subjects
The sample population consisted of five healthy subjects (two males, three 
females), between 18 and 35 years of age, who had no ocular abnormalities, 
diabetes mellitus, cataract, or previous ocular surgery. The study protocol 
was approved by the Medical Ethics Committee of the VU University Medical 
Center, (Amsterdam, The Netherlands). The measurements were performed 
with the full understanding and written consent of each subject, according to 
the tenets of the Declaration of Helsinki. 

2.2 System setup
Scheimpflug imaging of the anterior segment of the eye was performed with 
the Topcon ® SL-45 Scheimpflug camera, the film of which was replaced by a 
CCD camera (St-9XE, SBIG astronomical instruments) with a dynamic range of 
16 bits of grey values (512 × 512 pixels, pixel size 20 × 20 µm, magnification: 
1×). Ocular axial length was measured with the IOL Master (®Zeiss), which is 
based on partial coherence interferometry (Drexler et al., 1998), and the ocular 
refractive error was measured with the IRX3 aberrometer (Imagine Eyes Optics, 
Orsay, France). 
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2.3 Measurements
Scheimpflug imaging
To capture the Scheimpflug image of the lens, the pupil of the right eye of 
each subject was dilated with two drops of 5% phenylephrine HCl. A lens 
was placed in a plastic trial frame 19 mm in front of the left eye to induce the 
unaccommodated state of the eye. Then, in order to induce accommodation, 
the power of the lens in front of the left eye was increased in steps of −1 D until 
the subject indicated that it was no longer possible to obtain a sharp image of 
the target. The preceding accommodated state was regarded as the maximum 
state of accommodation. At every accommodative state the subject was 
instructed to fixate on a fixation light inside the Scheimpflug camera, while the 
slit of the camera at 90° was aligned along the optical axis of the right eye. The 
subject was then asked to fixate with the left eye on a Maltese star, the position 
of which could be adjusted horizontally and vertically by remote control until 
the subject reported that the fixation light in the Scheimpflug camera was 
superimposed on the center of the Maltese star. At this point the internal 
fixation light in the camera was turned off, and the subject was asked to focus 
on the Maltese star while three images were captured per accommodative 
state. 

Aberrometry
In order to determine the accommodative response, the refractive error 
of the right eye of each subject was measured with the aberrometer. The 
accommodative stimuli that were used during the Scheimpflug measurements 
were used again for the left eye. After alignment of the internal fixation light 
in the aberrometer with the Maltese star, the internal fixation light was turned 
off and the refractive error of the right eye was measured. For a 3 mm pupil, 
the effective refractive error was transferred in all accommodative states to 
accommodative response at the spectacle plane at an angle of 90°.

2.4 Post-processing
The inclined position of the CCD camera, according to the Scheimpflug 
principle, causes geometric distortion (Type I). The light rays that form the 
image of the lens are also refracted by the cornea and the anterior side of 
the lens, causing refractive distortion (Type II). Both types of distortion were 
corrected with custom-developed software written in C++ (Dubbelman and 
Van der Heijde, 2001). To determine the lens and cornea edges, a Canny edge-
filter (Canny, 1986) with automatic thresholding was applied to the corrected 
Scheimpflug data. Spheres at an aperture of 3 mm were fitted with the 
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Levenberg–Marquardt method to determine the central radius of curvature 
and thickness of the cornea and lens surfaces. 

The step-along method (Bennett and Rabbetts, 1998) was used to compute the 
back focal length of the one-compartment model (see Figure 1). The equivalent 
refractive index was estimated in an iterative procedure (Dubbelman et al., 
2005) at each accommodative state, such that the back vertex power was in 
accordance with the axial length of the subjects ( www.eyepower.nl ).
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Figure 1 One-compartment model

Subsequently, the geometry of the nucleus was obtained with the Hough 
transform (Hermans et al., 2007). The geometry of the nucleus and the lens 
were used to build the two-compartment model (see Figure 2) similar to 
Gullstrand’s No. 1 exact schematic eye model. The refractive index of the 
anterior and posterior cortex were assumed to be equal.

In the two-compartment model, the refractive index of both the nucleus and the 
cortex are unknown. Therefore, it is only possible to deduce the combinations 
of nuclear and cortical refractive index that result in a lens power that is in 
accordance with the axial length of the subjects, as calculated in the step-along 
method. Finally, linear regression was used to investigate whether there was 
a statistical difference between the refractive indices with accommodation, 
where p < 0.05 was considered to be statistically significant.
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Results
In all subjects it was possible to measure the geometry of the anterior segment, 
the axial length and the refractive error with different accommodative 
stimuli. Figure 3 shows the equivalent refractive index, computed with the 
accommodative response. For comparison, the equivalent refractive index 
which was computed with the accommodative stimulus is also plotted in Figure 
3. In all five subjects there was no significant change in the equivalent refractive 
index of the lens as a function of accommodative response. Furthermore, the 
accommodative response appeared to be smaller than the accommodative 
stimulus (i.e. accommodative lag). However, the equivalent refractive index, 
computed with the accommodative stimulus, showed a significant increase 
with accommodation. The mean equivalent refractive index (+/- SD), computed 
with the accommodative response, was 1.4345 ± 0.008.
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Figure 2 Two-compartment model
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equivalent index computed with the 
accommodative stimulus

equivalent index computed with the 
accommodative response
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Figure 3 Equivalent refractive index computed with the accommodative 
response and with the accommodative stimulus
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Based on an assumed nuclear refractive index of 1.406, it is possible to calculate 
the refractive index of the cortex in the two-compartment model. As shown in 
Figure 4, no significant change in cortical index was found with accommodative 
response in any of the five subjects. The mean cortical indices of refraction for 
each subject are presented in Table 1. 
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Figure 4 With an assumed nuclear refractive index, it is possible to calculate the 
cortical refractive index, based on the geometry and refractive state of the eye.
For five subjects the cortical refractive index is plotted at different accommodative 
states based on a nuclear refractive index of 1.406

n 
cortex

1.367
± 0.005

1.382
± 0.002

1.386
± 0.002

1.381
± 0.002

1.391
± 0.001

age 18 20 25 27 35

Table 1 The mean computed cortical refractive index (± SD) of the five subjects, 

based on an assumed nuclear refractive index of 1.406
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Figure 5 shows the relationship between the assumed refractive index of the 
nucleus and the resulting cortical refractive index, providing a lens power 
which is in accordance with the axial length and accommodative state of each 
subject in the two-compartment model. The mean relationship between the 
nuclear and cortical refractive index in the two-compartment model is:

1.833 1.196cortex nucleusn n= −      (1)

If the refractive index of the nucleus is assumed to be 1.406, then the mean 
cortical refractive index for these five subjects is 1.381.
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different
accommodative
states
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 subject 

nucleus  

Figure 5  For different assumed nuclear refractive indices, the resulting cortical 
refractive index at each accommodative state of each subject has been given. The 
five subjects are represented by different grey values
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Conclusion
In this study the changes in geometry were measured in-vivo at different 
accommodative stimuli. Subsequently, the accommodative response was 
measured at the same accommodative stimuli. The resulting geometry was 
used to model the refractive elements of the eye during accommodation. 
It appeared to be possible to describe the accommodative changes with a 
constant equivalent refractive index in the one-compartment model. 

Gullstrand suggested that the change in power of the lens needed for 
accommodation does not result from changes in lens thickness and surface 
curvature alone, but also from changes in the refractive index distribution within 
the lens. As a result, there would be an increase in the equivalent refractive index 
with accommodation. He called this process the intra-capsulary mechanism of 
accommodation. However, we found that the equivalent refractive index of the 
lens does not change with accommodation when the accommodative lag is 
taken into account.

Garner et al. (1997) found no significant difference in the equivalent index at 
different levels of accommodation. Dubbelman et al. (2005) found an increase in 
the equivalent index with accommodation, but they computed the equivalent 
refractive index with the accommodative stimulus, which is higher than the 
accommodative response. The mean value of the equivalent refractive index of 
1.4345 ± 0.008, measured in the present study, is consistent with the equivalent 
refractive index of 1.4277 ± 0.0011 measured by Garner et al. (1997).

Our results indicate that it is possible to approximate the GRIN structure of 
the lens with a two-compartment model based on the geometry of the 
nucleus, obtained with corrected Scheimpflug imaging. Assuming the 
refractive index of the nucleus to be 1.406, the resulting refractive index of the 
cortex was between 1.367 and 1.391, and did not change significantly with 
accommodation. Gullstrand (1909) proposed a cortical index of 1.386, which 
corresponds with our results. 
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Abstract 
Using new geometric information on the shape of the lens that has recently 
become available, a finite element model has been developed in order to 
estimate the forces that act on the lens during accommodation for a typical 
29 year-old human eye. To investigate the influence of the anterior, posterior 
and central zonular fibres insertion regions, three models with different 
configurations were built. All three configurations appeared to be capable of 
inducing the required accommodative changes in the lens. Based on material 
properties from the literature, the estimated summed net force for each of the 
three models was approximately 0.08 N. 
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1. Introduction
With age, the human eye loses its capacity to accommodate (presbyopia). Study 
and mechanical modelling of the accommodation process provides more 
insight into the accommodation mechanism, and consequently the origin 
of presbyopia. This knowledge is necessary in order to provide an adequate 
treatment of presbyopia. Attempts have been made to restore accommodation 
by placing an intraocular lens in the capsular bag that uses the force exerted by 
the ciliary muscle (e.g. Auffarth, Martin, Fuchs, Rabsilber, Becker and Schmack, 
2002; Cumming, Slade and Chayet, 2001). The design of such a lens is based 
on the principle that, due to the constriction of the ciliary muscle, the lens 
shifts towards the cornea, thus producing accommodative capacity. Another 
method that has been suggested to regain accommodation is to remove the 
stiff lens substance and refill the capsular bag with a flexible gel-like substance 
(Ho, Erickson, Manns, Pham and Parel, 2001; Fine, Hoffman and Packer, 2005). 
Both approaches have in common that they stress the need to know the 
forces acting on the lens that are provided by the complex of ciliary muscle 
and zonular fibres. However, the exact magnitude and direction of these forces 
is not known, for various reasons. Firstly, no method or device has yet been 
developed that is capable of measuring force during accommodation in vivo. 
Secondly, the zonular fibres transfer the ciliary muscle force to the capsular 
bag, but there is a lack of information about the mechanical properties, the 
number and the geometry of these fibres. 

In vitro, Fisher (1977) made an attempt to estimate the force acting on the 
human lens during accommodation. To mimic the accommodation process, 
a stretching apparatus was fixed to the complex of ciliary muscle, zonular 
fibres and lens. Force was then applied to the zonular fibres indirectly through 
the ciliary muscle, and the induced change in the shape of the lens was 
photographed. Subsequently, the ciliary muscle and the zonular fibres were 
removed from the lens and the lens was made to spin around its axis and, 
again, the change in shape was photographed. These photographs and the 
corresponding centrifugal forces during the spinning are related to the change 
in shape during the stretching experiment, and therefore the force acting on 
the lens, could be calculated. This appeared to be approximately 0.015 Newton. 
However, it is questionable whether the centrifugal forces involved during the 
spinning of an isolated lens can be regarded as equal to the forces during 
accommodation in vivo (Van Alphen and Graebel, 1991). 
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Another method to estimate the force acting on the lens is to make use of a 
finite element model (FEM). This method is often applied when mechanical 
problems are too complex to be solved analytically, and it has the advantage 
that it discretizes the problem by dividing the geometry into a finite number of 
elements. With known material properties and given boundary conditions, the 
deformation of a body can be obtained. Using data available from the literature, 
Burd, Judge and Cross (2002) created a FE-model of the complex configuration 
of the ciliary muscle, the zonular fibres and the lens. Because of a lack of accurate 
data, they had to make some assumptions about the ciliary muscle and zonular 
fibres. The first assumption concerned the angles between the anterior, central 
and posterior zonular groups. Secondly, the arrangement of the zonular fiber 
insertion onto the lens is modelled as three single attachment lines around 
the circumference. Finally, it was assumed that each group of zonular fibres 
has an elasticity, which is related to the other groups, according to a specific 
ratio. The last assumption, concerning the absolute elasticity of the different 
zonular groups, was determined by searching for the value of the elasticity that 
made the results of the FE-model correspond to the accommodative change 
in equatorial lens diameter that was measured with magnetic resonance 
imaging (MRI) techniques (Strenk, Semmlow, Strenk, Munoz, Gronlund-Jacob 
and DeMarco, 1999). From their model, Burd et al. (2002) calculated the force 
acting on the lens to be between 0.08 and 0.1 N, which is approximately six 
times the value reported by Fisher (1977). 

In order to achieve results that are as accurate as possible, it is best to make 
as few assumptions as possible in the modelling. Unlike Burd et al. (2002), in 
the present study, the zonular fibres and ciliary muscle are not incorporated in 
the FE-model. Omitting these uncertain factors makes it possible to calculate 
the forces acting on the lens during accommodation. It is generally accepted 
that three different zonular fibres insertion regions can be distinguished: 
anterior, central and posterior (Glasser and Kaufman, 2003). Nevertheless, 
there is still considerable discussion about the role of the zonular fibres that 
insert at the equator, in particular (Schachar and Bax, 2001). Therefore, different 
configurations of the zonular fibres insertion regions have been considered 
in order to investigate their influence on the accommodation process. More 
reliable data on the shape and the internal structure of the lens has recently 
become available (Dubbelman and Van der Heijde, 2001; Dubbelman, Van 
der Heijde and Weeber, 2001; Dubbelman, Van der Heijde and Weeber, 2005; 
Dubbelman, Van der Heijde, Weeber and Vrensen, 2003; Koretz, Cook and 
Kaufman, 2001). To describe the change in the shape of the lens, Burd et al. 
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(2002) had to make use of data from the Scheimpflug images made by Brown 
(1973). However, this was not accurately corrected for the optical distortion 
that is inherent to the Scheimpflug technique, which can result in up to 50% 
error in the radius of the posterior lens surface in particular (Dubbelman et al., 
2005 ). This new data was included in the FE-model used in the present study, 
resulting in a more accurate investigation of the magnitude and direction of 
the accommodative forces acting on the eye lens. 

More information about the lenticular forces and the distribution of force by 
the zonular fibres provides more insight into the mechanical functioning of the 
accommodation system, and this can be used in the design of accommodative 
intra-ocular lenses. For example, the accommodative intra-ocular lenses 
that are currently implanted have been designed to change power by using 
the forces of the ciliary muscle. Furthermore, an accurate description of the 
accommodative forces that act on the lens is needed for the development of a 
visco-elastic material to refill the capsular bag of the lens. 

2. Method
For the finite element modelling in this study, the basic principle applied by 
Burd et al. (2002) was followed to create a model of a typical 29 year-old human 
lens. The FE-model is based on a fully accommodated state of 8 diopter and it is 
assumed that the force acting on the eye lens in this fully accommodated state 
is negligible. In accordance with the accommodation theory of Von Helmholtz 
(1855), it is assumed that the lens is flattened into the unaccommodated state 
by applying a force to the lens, which is delivered by the action of the ciliary 
muscle and zonular fibres. In an iterative process it is possible to determine the 
force that flattens the lens in such a way that it matches the unaccommodated 
geometry. A linear elastic model is used as input in the commercially available 
finite element programme ABAQUS 6.5-1. Following Burd et al. (2002), it is 
assumed that the human eye lens is rotationally symmetric, which makes it 
possible to investigate the performance of the lens in an axisymmetric model.

2.1 Modelling of the geometry of the lens
New geometric information has recently become available from studies in 
which Scheimpflug imaging has been used. Dubbelman and Van der Heijde 
(2001) and Dubbelman et al. (2001, 2003, 2005) measured the shape and the 
internal structure of the lens in a large number of subjects of different ages at 
several levels of accommodation stimulus. In these studies, corrections were 
made for the two types of distortion that occur with the Scheimpflug technique 
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(Dubbelman et al., 2005). From the linear regressions of the various parameters 
estimated in the whole group, the typical geometry of the lens of a 29 year-
old subject can be obtained, and this can be used to build a FE-model with 
aspheric surfaces. A drawback of the Scheimpflug technique is that, even if the 
pupil has been dilated, the iris obscures the more peripheral parts of the lens. 
For the unaccommodated lens, Dubbelman & Van der Heijde (2001) measured 
the curvature and asphericity of the anterior and posterior lens surface in the 
5 mm zone and in the 4 mm zone, respectively, indicated in Figure 1 by the 
solid white lines. To describe the anterior and posterior central shape of the 
lens, it was assumed that the lens was meridionally symmetric and could be 
described by the following conic of revolution: 

2

0 2 21 1

cxy y
kc x

= +
+ −

      (1)

where c is the curvature (inverse radius) at the vertex (0 , y
0
). The asphericity is 

expressed by the conic constant (k) that indicates how rapidly a surface flattens 
(k < 1) or steepens (k > 1) with distance from the apex, and thus indicates the 
degree to which an aspherical surface differs from the equivalent spherical 

 

Figure 1. Corrected Scheimpflug image of a 29 year-old human lens 
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form. According to the value of k, the surface is a hyperboloid when k < 0, a 
paraboloid when k = 0, a prolate ellipsoid when 0 < k < 1, a circle when k = 1, 
and an oblate spheroid when k > 1. Three other parameters that are commonly 
used in the literature to describe a conic are the Q-value (where k = Q + 1), 
the shape factor ‘p’ (where k = p), and the eccentricity ‘e’ (where k = -e2 + 1). 
Dubbelman et al. (2005) measured the change in shape of the lens during 
accommodation at different ages. The asphericity of the anterior 5 mm zone 
appeared to change during accommodation. Whether or not the asphericity 
of the posterior surface changes during accommodation has not yet been 
investigated.

From Figure 1 it can be seen that Dubbelman et al. (2001, 2003) were only able 
to obtain a description of the central part of the eye lens. As a result, the missing 
geometry had to be modelled, as shown in Figure 2. The periphery of the lens 
was described using two more conics, which have their apex at the equator (e) 
and have the same derivatives where they join the anterior (P1) and posterior 
(P2) central lens conics. The formula used for the closing anterior and posterior 
conic sections can be found in equation 2 with curvature c, conic constant k 
and equatorial radius R

L
.

2

2 21 1
L

cyx R
kc y

= −
+ −

      (2)

The axial position of the equator with respect to the anterior and posterior 
lens surface was based on a ratio of 0.70 (Rosen, Denham, Fernandez, Borja, 
Ho, Manns, Parel and Augusteyn, 2006) . The equatorial diameter for the 
disaccommodated and accommodated lens was obtained from the MRI study 
carried out by Strenk et al. (1999), from which Burd (2002) deduced the values 
for a 29 year-old subject. 

The central thickness of the nucleus and the anterior and posterior cortex 
have been extracted from Dubbelman et al. (2003). The Scheimpflug studies 
by Koretz et al. (2001) and Koretz, Cook and Kaufman (2002) were used to 
model the shape of the nucleus. In these studies the internal structure of the 
lens was measured as a function of age and accommodation stimulus and 
the shape of the anterior and posterior nucleus was described by a parabola. 
However, it must be noted that no correction was made to compensate for 
the distortion due to the refraction of the cornea and the anterior lens surface, 
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which questions the validity of these Scheimpflug results. The proposed 
shape of the nucleus has been indicated in Figure 1. The specific geometric 
parameters that are used to describe the shape of the lens at 0 and 8 diopter 
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Figure 2. Geometric model for the accommodated state of a 29 year-old human lens

Figure 3. 3D view of the axisymmetric mesh of the undeformed (8 diopter 
accommodated) geometry
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accommodation stimulus have been summarized in Table 1. Figure 3 shows 
the mesh of six-noded elements into which the lens has been divided, and 
gives a 3D representation of the axisymmetric model. The starting point for 
the FE-model is the fully accommodated state of 8 diopter, and a set of forces 
is applied in order to obtain the shape of the unaccommodated lens. 

2.2 Modelling of the material properties of the lens
The material properties of the lens were modelled according to Burd et al. 
(2002), and are listed in Table 2. In summary, for the modelling of the capsular 
bag, Burd fitted a parametric model to the capsular thickness measurements 
of Fisher and Pettet (1972) and Krag, Andreassen and Olsen (1996) measured 
the elasticity of the capsular bag with age. For a 29 year-old subject, this results 
in a Young’s modulus of 1.27 for the capsular bag elasticity. Krag et al. (1996) 
found a Poisson’s ratio for the capsular bag of 0.47. The capsular bag and the 
varying thickness of the capsular bag is modelled with three-noded membrane 
elements. The model of Burd et al. (2002) was also followed for the modelling 
of the elasticity of the nucleus and cortex, although the elasticity of the lens 
has recently been measured by Heys, Cram and Truscott (2004) and Weeber, 
Eckert, Soergel, Meyer, Pechhold and Van der Heijde (2005). Heys et al.(2004) 
found a Young’s modulus of 2.6�10-4 N/mm2 for the nucleus and 3.6⋅10-4 N/mm2 
for the cortex of a 29 year-old human eye lens, which is an order smaller than 
the results reported by Fisher (1971). Incorporating the lower Young’s moduli 
values of Heys et al. (2004) did not result in a deformation that matched 
the expected geometry change. Although, a flattening of the lens could be 
observed, the change in the four geometry parameters resulted in a very high 
cost function and it appeared not possible to achieve a set of forces, which 
resulted in a lower cost function and a geometry change which was more in 
accordance to the Scheimpflug data. Consequently, the Heys et al. (2004) values 
were not used in the present model. 

Weeber and Eckert (2004) described qualitatively the difference in elasticity 
between the nucleus and the cortex as a function of age. In spite of this, 
Weeber et al. (2005) present a Young’s modulus of 3�10-3 N/mm2 for the whole 
29 year-old eye lens, which is of the same order as the results reported by 
Fisher (1971), but they do not distinguish between the elasticity of the nucleus 
and the cortex. Nevertheless, it is highly probable that there is a difference in 
elasticity between the cortex and the nucleus. The Young’s moduli values of 
Heys et al. (2004) show a difference in nuclear and cortical elasticity, although 
the data of this study was not used for the modelling for reasons given above. 
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Also Scheimpflug imaging of the central internal structure of the lens (Patnaik 
(1967), Brown (1973), Koretz, Cook and Kaufman (2001), Dubbelman et al. 
(2003)) has made it clear that the thickening of the lens with accommodation is 
entirely due to a change in the thickness of the nucleus, while the thickness of 
the cortex remains constant. Therefore, as in the model of Burd et al. (2002), the 
elasticity of the nucleus and the cortex found in the spinning lens experiment 
carried out by Fisher (1971) was used. Both the nucleus and the cortex are 
thought to be incompressible and, therefore, a Poisson’s ratio of approximately 

Young’s modulus 
N/mm2

Poisson’s ratio

  Nucleus 5.47 ⋅10-4 0.49

  Cortex 3.42 ⋅10-3 0.49
  Capsular bag 1.27 0.47

Table 2. Material properties used in this study

0.5 was chosen. Finally, the nucleus and the cortex were modelled with six-
noded hybrid axisymmetric elements. 

2.3 Modelling of the point of application of the force
Although the zonular fibres themselves were not modelled, an assumption has 
to be made about the region where they are attached to the lens. In general, 
the zonular fibres insertion regions are divided into an anterior, a central 
(equatorial) and a posterior region (Glasser and Kaufman, 2003). Streeten 
(2003) provides data concerning the location of the insertion regions: anterior 
1.5 mm and posterior 1.25 mm from the equator. The width of the anterior 
and the posterior region is obtained from Ludwig (2001): anterior 0.4 mm and 
posterior 0.5 mm. Because the width of the central region is unknown, the 
same width as for the posterior insertion region of zonular fibres was chosen 
(0.5 mm). To investigate the role of different zonula fibres insertion regions 
with accommodation, three models were created (Figure 5):
 
  Model A: with only a central force 
  Model B: with anterior and posterior forces 
  Model C: with anterior, posterior and central forces

First of all, concentrated forces were applied on separate nodes, but this 
resulted in singularities. Therefore, body forces were applied, defined as 



96

Chapter 5

uniform distributed forces acting on a volume. These body forces were applied 
to the three capsular bag regions to model the spread of the zonular fibres and 
the attachment of the zonular fibres to the capsular bag. In an axisymmetric 
model, a body force has an axial and a radial component. Movement of the lens 
in an axial direction (for example by anterior/posterior movement of the ciliary 
muscle during accommodation) is not modelled while looking in a moving 
reference frame. To achieve a static solution in rest, the sum of axial components 
must be constrained to zero. For Models B and C, this constraint reduces the 
parameters that have to be estimated by one. The anterior, equatorial and 
posterior body forces have a total of six components. This makes it clear that, 
for example, in Model C a total of five parameters has to be estimated. Due to 
this complex configuration it becomes necessary to use an iterative process in 
order to find that set of forces that change the lens into the unaccommodated 
state. 

2.4 Procedure to determine the body forces acting on the eye lens
A set of body forces acted as input to the FE-model and the deformation of the 
eye lens was then computed. A conic was fitted to the anterior and posterior 
surface of the deformed lens at an aperture of 5 and 4 mm, respectively. Four 
parameters were used to investigate the extent to which the shape of the 
deformed lens corresponded with that of the unaccommodated lens: total 
thickness (TT), anterior curvature (c

ant
), anterior asphericity (k

ant
) and posterior 

curvature (c
post

). The relative errors of these four estimated parameters after 
deformation with respect to the values in Table 1 at 0 diopter were then 
computed and squared. The squared relative errors (E

C ant
 , E

k ant
 , E

C post
 , E

TT
) were 

summed to create the quadratic cost function W of equation 3 to calculate 
the correspondence. Because the asphericity k of the anterior lens surface is 
a second-order geometric property, its weighting factor was chosen to be 10 
times smaller than that of the anterior and posterior curvature and thickness 
of the lens. 

1
10ant ant postc k c TTW E E E E= + + +      (3)

The iterative process should lead to that set of forces which have the minimal 
cost function W. To estimate this set of forces, different algorithms were tried 
(Nelder-Mead method, Broyden’s method, least squares fitting), but these 
procedures did not converge to the same solution. Therefore, a brute force 
method was used to obtain a solution with the global minimal cost function. 
With the brute force method all possible force combinations in the expected 
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force range were used as input to the FE-model, and subsequent deformation 
was calculated. To start the process, a wide range of different sets of forces were 
used to find a global solution, and finer iterations were carried out to achieve a 
more accurate solution. For Model A (only central forces) a set of forces with a 
spacing of 0.05 N/mm3 (range 0 to 0.50 N/mm3) was applied, and the solution 
with the lowest cost function was determined. Around that solution, a second 
iteration with a spacing of 0.005 N/mm3 was carried out. For Model B (anterior 
and posterior forces) a grid of force components with a spacing of 0.03 N/mm3 
(range 0.07 to 0.22 N/mm3) was made. The FE-model was solved for all different 
combinations (64= 1296) of force inputs, and in the second iteration a spacing 
of 0.005 N/mm3 was carried out with 54 = 625 combinations. Because more 
combinations were possible in the expected force range with five components, 
three iterations were carried out for Model C. Starting with a spacing of 0.03 
N/mm3 (range 0.04 to 0.16 N/mm3) a grid of force components with 55= 3125 
combinations was made. In the second and third iteration a spacing of 0.005 N/
mm3 with 3125 combinations and 0.0025 N/mm3 with 35 = 243 combinations, 
respectively, was used around the prior solutions. To give some indication of the 
time that is needed for computation: one iteration with 3125 combinations of 
force components takes approximately sixteen hours on a Pentium 4 (3 GHz).

The summed net force is the sum of the magnitude of the body forces, which 
can be regarded as the total net force delivered by the ciliary muscle. To estimate 
the summed net force that is necessary to achieve different accommodation 
states in between the fully accommodated and disaccommodated situation, 
the force estimation procedure was followed again. Starting each time from the 
8 diopter state, the forces that are needed to achieve a state of accommodation, 
with decreasing steps of 1 diopter, were computed. For every accommodated 
state in Models A, B and C, one iteration was carried out with the brute force 
method.  

3. Results
Figure 4 shows the change in the shape of the lens during 8 diopter 
disaccommodation for a typical 29 year-old subject. The deformed geometry 
(meshed) has been superimposed on the undeformed geometry (grey) for 
Model C. The change in the anterior and posterior radius of curvature, asphericity 
and thickness (in axial and equatorial direction) can be clearly seen. 

The results of the FE-modelling to estimate the typical force acting on the side 
of the eye lens during disaccommodation made it clear that it was possible to 
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obtain the required changes in geometry for all three models: A, B and C. Table 
3 shows the values of the four parameters that were fitted to the deformed 
geometry, which were attained after the different iterations. The estimated 
parameters were well in agreement with the unaccommodated values, reported 
in the literature, resulting in low cost function values. Table 3 also shows the 
forces needed for the different models after the various different iterations. 
For Model C, which has three groups of zonular fibres forces, three iterations 
were needed in order to achieve a stable result. The body forces indicated 
were integrated around the circumference and multiplied by the volume to 
which the body forces were applied. Although in the three models the forces 
have different directions, it can be seen that the summed net force (sum of the 
magnitude of the forces) is approximately 0.08 N in all three models. 

The deformed geometry for Models A, B, and C is indicated in Figure 5. The grey 
value represents the Von Mises stress. More stress (lighter grey, white) is present, 
in particular, in the periphery of the lens during disaccommodation. Reduced 
stress (darker grey) can be seen in the nuclear zone. The angles between the 
body forces and the equatorial plane, which are obtained from the estimation 
of force components, have also been indicated in the models.

Figure 6 shows the results of the summed net force as a function of 
accommodation stimulus which were obtained from the different estimations 
of force for Models A, B, and C. It can be seen that the summed net force almost 
linearly decreases with accommodation. The four geometric parameters 

Figure 4. The undeformed (light grey) and superimposed deformed geometry of 
the finite element Model C (dark grey)
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Figure 5. Deformed geometry and Von Mises stress of the model with central body forces 
(Model A),with anterior and posterior body forces (Model B), and with anterior, central 
and posterior body forces (Model C) 

(anterior curvature, posterior curvature, anterior asphericity and lens thickness) 
used in the estimation procedures all relate to the central outer part of the lens. 
Because the results of Models A, B, and C differ very little, investigation of the 
change in the remaining parameters in Table 1 could indicate more clearly which 
model corresponds best with the expected unaccommodated shape. Table 4 
shows the values of the parameters that were not involved in the estimation 
process for the deformed lens in the unaccommodated state (0D). According 
to the MRI measurements of Strenk et al.(1999) and the regression performed 
by Burd et al. (2002), the displacement of the equator of the lens is 0.29 mm 
during 8 diopter accommodation. As a result, an accommodated equatorial 
radius of 4.31 mm (Table 1) should give an disaccommodated equatorial 
radius of 4.60 mm, with which the obtained equatorial radius of Model C has 
the closest correspondence. Nevertheless, it must be noted that the resolution 
of the images obtained with MRI is rather low (0.156 mm) and the results of 
Models A and B are still within the resolution of the MRI-method.  
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The change in equatorial lens diameter during accommodation has also been 
measured using retroillumination infrared videophotography. Wilson (1997) 
measured a 27-year-old patient with ocular albinism and found a change in 
equatorial diameter of 7.44 % during accommodation and the corresponding 
disaccommodated equatorial radius is shown in Table 4. The videophotography 
method has also been used by Glasser, Wendt and Ostrin (2006) to measure the 
equatorial lens change in two rhesus monkeys. This study shows a relatively 
linear decrease of lens diameter during accommodation of approximately 
7.04%. The results of Wilson (1997) and Glasser et al. (2006) lie in between the 
change in equatorial radius of Model A and C. The change in equatorial radius 
of Model B is substantially smaller than the videophotograpy results.

All three models show no change in the asphericity of the posterior lens surface 
during accommodation, but no experiments on the change in this parameter 
with accommodation have been performed yet. According to the results of 
the Scheimpflug imaging (summarized in Dubbelman et al. (2003)), there is 
only a change in the thickness of the nucleus (NT) during accommodation, 
whereas the thickness of the anterior cortex (ACT) and the posterior cortex 

Figure 6. The summed net force as a function of accommodation stimulus 
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(PCT) remains constant. Nevertheless, from Table 4 it can be seen that during 
disaccommodation, the change in lens thickness is evenly distributed between 
the anterior and posterior cortex and nucleus. This could indicate that the 
material properties of the nucleus and the cortex that were used in the FE-
modelling are not entirely correct. The curvature of the deformed posterior 
nucleus deviates slightly from the value reported by Koretz et al. (2001), while 
the curvature of the anterior nucleus is in accordance with the Koretz et 
al.(2001) value. 

 

Model A
0 dpt

Model B
0 dpt

Model C
0 dpt

 Literature
 0 dpt

  equatorial radius
  R

L
 [mm]

4.70 4.46 4.58

  4.60    (Burd et al., 2002 & 
              Strenk et al., 1999)

66.66 (Wilson, 1997) 
4.64    (Glasser et al., 2006)

  asphericity posterior
  k

post

-2.9 -3.0 -3.0   -3        (Dubbelman et al., 2001)

  anterior cortical 
  thickness 
  ACT [mm]

0.81 0.81 0.80   0.86    (Dubbelman et al., 2003)

  nuclear thickness 
  NT [mm]

2.26 2.31 2.35   2.20    (Dubbelman et al., 2003)

  posterior cortical
  thickness 
  PCT [mm]

0.48 0.50 0.51   0.57    (Dubbelman et al., 2003)

  curvature anterior 
  nucleus
  c

ant 
NUC [mm-1]

0.274 0.278 0.276   0.277  (Koretz et al., 2001)

  curvature posterior 
  nucleus   
  c

post 
NUC [mm-1]

0.314 0.334 0.328   0.299  (Koretz et al., 2001)

 Table 4. Geometric parameters for models A, B, and C after deformation in  
the unaccommodated state that are not used in the iteration procedure 
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4. Discussion 
In the present study,  FE-modelling was applied in order to estimate 
the  magnitude  of  the external force which moulds the lens into an 
unaccommodated shape. For the modelling, new data on the shape of the lens 
was used, most of which was obtained from recent Scheimpflug studies. These 
studies provide data on the average shape of the lens with aging, and the 
results of the FE-modelling are therefore not based on the data of any individual 
person. To deal with the problem that the precise geometry and attachment 
of the zonular fibres is not yet known, three FE-models were created with 
different insertion regions. The results show that the precise configuration 
of the zonular fibres insertion regions does not play an important role in the 
accommodation process. Both with and without the central zonular forces 
it appeared to be possible to obtain the geometry of the unaccommodated 
state, which indicates that variation does not deteriorate (dis)accommodation. 
It could be true that these configurations of zonular fibres insertion regions 
reflect an anatomical variation that can also be found in nature. According to 
Streeten (2003), the zonular fibres that insert around the equator are quite 
infrequent and vary in number, but can be seen at all ages. Based on scanning 
electron-microscopic studies of the zonular apparatus, Rohen (1979) assumed 
that the zonular fibres that insert centrally were relatively important. This 
could be true for their role during the changes in the accommodation process 
in the central part of the lens that can be observed with Scheimpflug imaging. 
Nevertheless, the FEM-modelling also indicates that the change in equatorial 
diameter is, in particular, dependent on these zonular fibres. With only the 
anterior and posterior insertion regions (Model B), the displacement of the 
equator of the lens is smaller than could be expected from the values obtained 
with MRI (Strenk et al., 1999; Burd et al., 2002) and videophotography (Wilson, 
1997; Glasser et al., 2006). 

The configuration of the zonular fibres insertion regions does not have any 
significant influence on the size of the external force needed to obtain the 
measured change in the shape of the eye lens. For all three models the total 
net body force was approximately 0.08 N, which is more than 5 times greater 
than the value of 0.015 N, which Fisher (1977) derived from his spinning lens 
experiments. From the FE-modelling (Figure 6), it can be seen that Fisher’s 
value of 0.015 N corresponds to the force needed to disaccommodate only 
1 diopter (from the fully accommodated state (8 diopter) to 7 diopter of 
accommodation). Burd et al. (2002) found a significantly greater force than 
Fisher (1977), i.e. between 0.08 and 0.1 N. It must be noted that Burd et al. (2002) 
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calculated the force with the ciliary body displacement method and, as a result, 
it is not exactly the same as the summed net force presented in this study. Why 
the value reported by Fisher (1977) is significantly lower than the results of FE-
modelling is not clear, as was also concluded by Burd et al. (2002).

To give an estimation of the uncertainty of a FE-model is not straightforward. 
To investigate the influence of the width of the zonular insertion regions, 
additional modelling has been applied. The zonula insertion regions of Model 
C have been expanded to a continuum around the lens equatorial region. The 
results made it clear that an increase of the width of the insertion regions did 
not have a significant influence. Both the cost function and the summed net 
force did not change significantly compared to the original Model C. It is highly 
probable that this can be explained by the high stiffness of the capsular bag, 
which distributes the forces around the equator. Furthermore, the accuracy of 
the model of the lens depends on the shape and the material properties of the 
lens. While in this study the geometric data on the central part of the lens was 
obtained by means of a validated method (Dubbelman & Van der Heijde, 2001), 
different values for the material properties are reported in the literature. It can 
be assumed that the largest contribution to bias in the model is therefore due 
to the material properties. The results of the present study also indicate that 
the Young’s modulus values used for the cortex and nucleus are not accurate 
enough. All three models show that during accommodation, the change in 
lens thickness is evenly distributed between the anterior and posterior cortex 
and nucleus. Nevertheless, according to the Scheimpflug results summarized 
and reported by Dubbelman et al. (2003), the accommodative change in lens 
thickness is almost completely due to a change in the thickness of the nucleus 
alone. Furthermore, Burd, Wilde and Judge (2006) studied the extent to which 
inferred values of Young’s modulus are influenced by assumptions inherent in 
the mathematical procedures applied by Fisher (1971) to interpret the spinning 
lens experiment. Their results suggest that modelling assumptions that are 
inherent in Fisher’s original method may have led to systematic errors in the 
determination of Young’s modulus of the cortex and the nucleus. Therefore, the 
accuracy of FE-modelling will be improved when more specific information on 
the material properties of the nucleus and the cortex becomes available. 
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Abstract
The aim of the study was to determine the age-dependence of the 
accommodative force on the lens in order to make it clear whether the causes 
of presbyopia are due to lenticular or extralenticular changes. A finite element 
model of the lens of an 11, 29 and 45 year-old human eye was constructed 
to represent the fully accommodated state. Subsequently, the force that was 
needed to mould the lens into its unaccommodated state was calculated. The 
force on the lens appeared to be preserved with age, with only a slight increase 
to a value of approximately 0.06 N. In conclusion, the preservation of the net 
force delivered by the extralenticular ciliary body indicates that the causes of 
presbyopia must be ascribed to lenticular changes.

Presented at the International Conference on Ocular Biomechanics 2007
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1. Introduction
With age, the human eye loses its capacity to accommodate. This is referred 
to as presbyopia. It is not exactly known whether the cause of presbyopia is 
due to changes in the lens (lenticular) or to extralenticular changes, or both. 
It is commonly believed that increasing stiffness of the lens is the major cause 
of presbyopia. On the other hand, presbyopia could be induced by an age-
dependent decrease in the force acting on the lens that is delivered by the 
ciliary muscle and zonular fibres. Knowledge about the accommodative force 
on the lens with age could therefore make it clear whether the causes of 
presbyopia are due to lenticular changes or to extralenticular changes. The 
objective of the present study was to determine the accommodative force on 
the lens at different ages, and to find out whether there is a change in this 
force with age. 

Different methods have been used to determine the force acting on the lens 
during accommodation. Fisher (1977) constructed a stretching device that 
was fixed to the complex of ciliary muscle, zonular fibres and lens in order to 
mimic the accommodation process in vitro. Force was applied to the zonular 
fibres, indirectly by displacement of the ciliary muscle, and the induced change 
in the shape of the lens was photographed. Subsequently, the ciliary muscle 
and the zonular fibres were removed, and the lens was made to spin around 
its axis. Again, the change in shape was photographed. These photographs, 
and the corresponding centrifugal forces during the spinning, are related 
to the change in shape during the stretching experiment, and therefore the 
force acting on the lens could be calculated. This force appeared to change 
with age to approximately 0.015 Newton. However, it is questionable whether 
the centrifugal forces involved during the spinning of an isolated lens can be 
regarded as equal to the forces during accommodation in vivo (Van Alphen 
and Graebel, 1991). 

Recently, Manns et al. (2007) built a lens-stretching system containing a load 
cell, which allowed a direct measurement of the force required to stretch 
the ciliary body and the crystalline lens into its unaccommodated state. 
Simultaneously, the associated change in the power and equatorial diameter 
of the lens could be measured. They found that the relative force on the ciliary 
body that is needed to change the optical power of a lens with one diopter 
increases with age. However, the absolute force on the lens that is needed to 
fully disaccommodate was not measured as a function of age.
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Finite element modelling (FEM) has also been used to estimate the force acting 
on the lens. This method is often applied when mechanical problems are too 
complex to be solved analytically, and it has the advantage that it discretizes 
the problem by dividing the geometry into a finite number of elements. With 
known material properties and given boundary conditions, the deformation 
of a body can be calculated. Using data that is available from the literature, 
Burd et al. (2002) created a FE model of the complex configuration of the ciliary 
muscle, the zonular fibres and the lens. From this model, they calculated the 
force acting on the ciliary body by induced displacement. The results showed 
that the force increased slightly with age to a value between 0.08 and 0.1 N, 
which is approximately six times the value reported by Fisher (1977). 

In order to estimate directly the magnitude of the external force that moulds 
the lens of a typical 29 year-old human into the unaccommodated shape, 
Hermans et al. (2006) applied FE-modelling without including the ciliary 
muscle and the zonula fibres. Using three different configurations for the 
zonular insertion regions, it appeared to be possible to obtain the geometry of 
the lens in the unaccommodated state. The external force was calculated only 
for a typical 29 year-old human subject. 

The effect of material properties (Belaidi and Pierscionek, 2007) and stretching 
forces (Liu et al., 2006) on accommodation of the human lens have been 
simulated using FE-modelling. Results from both studies showed that the 
material properties and the direction and amount of forces on the lens have 
substantial influence on the shape changes of the lens. Therefore, accurate 
values for the cortex and the nucleus stiffness are needed for reliable estimation 
of the stretching forces using FE-modelling. In the spinning lens experiment, 
Fisher (1971) derived a value for the elasticity of the nucleus and the cortex 
as a function of age. Recently, new results concerning the material properties 
of the human lens tissue have become available. Heys et al. (2004) provided 
stiffness values of the nucleus and cortex as a function of age. Furthermore, 
the gradient stiffness of the lens has been measured by Weeber et al. (2007). 
However, all three studies reported different results for the stiffness of the lens, 
especially at a young age. 

The aim of the present study was to investigate the change with age in the 
force acting directly on the lens during disaccommodation. Therefore, three 
FE models of an 11, 29 and 45 year-old human lens were constructed to 
estimate the accommodative forces. The ages mentioned are in the lifespan 
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in which accommodation still occurs. In order to study the influence of lens 
stiffness on the accommodative force, we subsequently used the material 
properties that were measured in the Fisher, Heys and Weeber studies. The 
FE models were validated with magnetic resonance (MRI) measurements of 
change in the equatorial lens radius (Strenk et al., 1999). Finally, the results of 
the present study were compared with the results of the studies in which the 
accommodative force had previously been measured. 

2. Method
In accordance with the Von Helmholtz (1855) accommodation theory, it is 
assumed that the lens is flattened into the unaccommodated state by applying 
to the lens a force which is delivered by the action of the ciliary muscle and 
zonular fibres. The FE method is used to simulate the deformation of the lens 
when a load is applied. In an iterative process it is possible to determine the 
force that flattens the lens in such a way that it matches the unaccommodated 
geometry. For the FE-modelling in this study, the basic principle applied by 
Burd et al. (2002) was followed to create three models of an 11, 29 and 45 
year-old human lens. The FE models are based on a fully accommodated state 
of 14, 8 and 4 diopter of accommodation stimulus respectively, according to 
Duane (1922). It is assumed that the force acting on the eye lens in the fully 
accommodated state is negligible. A linear elastic model is used as input in the 
commercially available FE programme ABAQUS 6.5-1. According to Burd et al. 
(2002), it is assumed that the lens of the human eye is rotationally symmetric, 
which makes it possible to investigate the performance of the lens in an 
axisymmetric model.

2.1 Modelling of the geometry of the lens
A rotational symmetric FE model can be constructed with the cross-sectional 
shape of the human lens. Information on the geometry of the lens has 
become available from studies in which Scheimpflug imaging has been used. 
Dubbelman et al. (2001a, 2001b, 2003, 2005) measured the shape and the 
internal structure of the lens in a large number of subjects of different ages at 
several levels of accommodation stimulus. However, Scheimpflug imaging only 
provides information about the central part of the eye lens. Therefore, the axial 
position of the equator, with respect to the anterior and posterior lens surface, 
was based on a ratio of 0.70 (Rosen et al. 2006). The equatorial diameter of the 
disaccommodated and accommodated lens was obtained from the Strenk et 
al. (1999) MRI study. Regression analysis (Figure 1) was applied to determine 
the equatorial diameter and accommodative change in diameter as a function 
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of age. The equatorial diameter at 0.1 D accommodation stimulus does not 
show a statistically significant change with age (mean 9.2 mm). Based on the 
axial position of the equator and the equatorial diameter, the geometry of 
the cortex was closed, according to the method described by Hermans et al. 
(2006).
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Figure 1 Regression analysis of the Strenk et al. (1999) MRI data: equatorial lens 
diameter (at 0.1 D and 8 D accommodation stimulus) and change in diameter with 
accommodation as a function of age 

The geometry of the nucleus must be used to assign different material properties 
to the cortex and the nucleus. The central thickness of the nucleus and the 
anterior and posterior cortex were obtained from Dubbelman et al. (2003). The 
central curvature of the nucleus as a function of age and accommodation had 
been measured in the Scheimpflug studies carried out by Koretz et al. (2001, 
2002). Finally, the nucleus geometry was closed according to the method 
proposed by Hermans et al. (2007) and the mean equatorial diameter and ratio 
between anterior and posterior nuclear thickness (Hermans et al. 2007). The 
cross-sectional parametric shape of the lens cortex and nucleus are shown in 
Figure 2. The specific geometric parameters that were used to describe the 
shape of the lens in disaccommodated and fully accommodated state have 
been summarized in Table 1. 
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age
[ years ]

11 29 45 Source

accommodation 
amplitude [ D ]

0 14 0 8 0 4 Duane (1922)

curvature anterior 
  ( c

ant 
) [ mm-1 ]

0.083 0.213 0.091 0.157 0.099 0.131

Dubbelman et 
al. (2001, 2005)

asphericity anterior 
( k

ant
 )

-4 -11 -4 -8 -4 -6

curvature posterior
 ( c

post
 ) [ mm-1 ]

0.174 0.236 0.181 0.216 0.188 0.205

asphericity posterior
( k

post
 )

-3 -3 -3 -3 -3 -3

curvature anterior 
nucleus ( c

ant 
NUC ) 

[mm-1]
0.270 0.394 0.277 0.351 0.284 0.322

Koretz et al. 
(2001, 2002)curvature posterior 

nucleus
 ( c

post 
NUC ) [ mm-1 ]

0.290 0.484 0.299 0.370 0.308 0.334

equatorial radius 
nucleus 

( R
NUC

 ) [ mm ]
2.93 2.58 2.93 2.73 2.93 2.83

Hermans et al. 
(2007)ratio anterior/

posterior thickness 
nucleus 

0.95 0.95 0.95

total thickness
 ( TT ) [ mm ]

3.21 3.83 3.63 3.98 3.99 4.17

Dubbelman et 
al. (2003)

anterior cortical 
thickness ( ACT ) [mm]

0.64 0.70 0.86 0.89 1.05 1.07

nuclear thickness 
( NT ) [ mm ]

2.14 2.70 2.20 2.52 2.25 2.41

posterior cortical 
thickness ( PCT ) [mm ]

0.42 0.43 0.57 0.57 0.70 0.70

ratio anterior/
posterior thickness 

cortex
0.7 0.7 0.7

Rosen et al. 
(2006)

equatorial radius 
cortex

( R
COR

 ) [ mm ]
4.60 4.17 4.60 4.31 4.60 4.49

Strenk et 
al. (1999) : 
regression

Table 1 Parameters used for the geometric models and their source in the literature
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2.2 Modelling of the material properties of the lens
Fisher (1971) derived the elasticity of the nucleus and the cortex as a function 
of age in a spinning lens experiment. Recently, more in vitro measurements 
of material properties have become available in literature. Heys et al. (2004) 
measured the penetration force of a probe at different locations on lens cross-
sections. In this way, they deduced stiffness values of the cortex and nucleus as 
a function of age. Furthermore, Weeber et al. (2007) used a dynamic mechanical 
analyzer to obtain the cross-sectional stiffness gradient in a number of 19–78 
year-old human lenses. The stiffness gradient of an 11 year-old lens is assumed 
to be equal to the stiffness gradient of the lens at the age of 19. Based on the 
stiffness profiles, the elasticity of the nucleus and cortex as a function of age 
can be obtained (Weeber et al., 2007). The three different material properties 
that were measured in the Fisher, Heys and Weeber studies were  subsequently 
used in the present study for the FE–modelling of 11, 29 and 45 year-old 
human lenses (see Table 2). Both the nucleus and the cortex are thought to 
be incompressible and, therefore, a Poisson’s ratio of approximately 0.5 was 
chosen. The nucleus and the cortex were modelled with six-noded hybrid 
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Figure 2 Geometric model of the human eye lens (see Table 1 for explanation of 
the symbols used)



Change in  the accommodative force with age

119

axisymmetric elements. 

The material properties of the capsular bags that were modelled according 
to Burd et al. (2002) are listed in Table 2. In summary, Burd fitted a parametric 
model to the Fisher and Pettet (1972) capsular thickness measurements. Krag 
et al. (1996) measured the elasticity of the capsular bag with age, and found a 
Poisson’s ratio for the capsular bag of 0.47. In the present study, the capsular 
bag and the varying thickness of the capsular bag were modelled with three-
noded membrane elements. 

age
[ years ] 11 29 45

Young’s 
modulus
[ N/mm2 ]

Young’s 
modulus
[ N/mm2 ]

Young’s 
modulus
[ N/mm2 ]

Poisson’s 
ratio

Source

simulations using material properties from Fisher (1971)

Capsular bag 0.73 1.27 1.45 0.47

Fisher and Pettet 
(1972)

Krag et al.(1996)
Burd et al. (2002)

Nucleus 5.69 ×10-4 5.47 ×10-4 9.97 ×10-4 0.49 Fisher (1971)

Cortex 1.88 ×10-3 3.42 ×10-3 3.98 ×10-3 0.49 Fisher (1971)

simulations using material properties from Heys et al. (2004)

Capsular bag 0.73 1.27 1.45 0.47

Fisher and Pettet 
(1972)

Krag et al.(1996)
Burd et al. (2002)

Nucleus 9.21 ×10-5 2.63 ×10-4 3.43 ×10-3 0.49 Heys et al. (2004)

Cortex 2.49 ×10-4 3.63 ×10-4 1.37 ×10-3 0.49 Heys et al. (2004)

simulations using material properties from Weeber et al. (2007)

Capsular bag 0.73 1.27 1.45 0.47

Fisher and Pettet 
(1972)

Krag et al.(1996)
Burd et al. (2002)

Nucleus 5.0 ×10-5 1.0 ×10-4 3.0 ×10-3 0.49 Weeber et al. (2007)

Cortex 6.0 ×10-4 7.4 ×10-4 3.7 ×10-3 0.49 Weeber et al. (2007)

Table 2 In-vitro determined material properties used in the study
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2.3 Estimation of the forces acting on the eye lens
Although the zonular fibres themselves were not modelled, an assumption 
had to be made about the region in which they are attached to the lens. In 
general, the zonular fibre insertion regions are divided into an anterior, a central 
(equatorial) and a posterior region (Glasser and Kaufman, 2003). Streeten 
(2003) provided data concerning the location of the insertion regions: anterior 
1.5 mm and posterior 1.25 mm from the equator. The width of the anterior 
and the posterior region was obtained from Ludwig (2001): anterior 0.4 mm 
and posterior 0.5 mm. Because the width of the central region is unknown, we 
chose the same width as for the posterior insertion region of zonular fibres (0.5 
mm). Due to this configuration it was necessary to use an iterative process in 
order to find that set of forces that change the lens into the unaccommodated 
state, as described by Hermans et al. (2006). Finally, the summed net force 
could be calculated as the sum of the magnitude of the body forces, which 
can be regarded as the total net force delivered by the zonula fibres and 
ciliary muscle. As a validation, the change in the equatorial diameter of the 
lens, which should occur according to the simulations, was compared with the 
change that was reported by Strenk et al (1999). Finally, the mean strain of the 
capsular bag has been determined. The mean strain is defined as the relative 
difference between surface area of the capsular bag in fully accommodated 
and disaccommodated state.

3. Results
Figure 3 shows the change in the shape of the lens during disaccommodation 
in the 11, 29 and 45 year-old subjects for the material properties measured 
by Fisher, Heys and Weeber. The results of the FE-modelling to estimate the 
typical force that acts on the side of the lens during disaccommodation made 
it clear that it was possible to obtain the required changes in geometry for the 
Fisher, Heys and Weeber material properties.
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Table 3 shows the summed net force and the values of the four parameters 
that were fitted to the deformed geometry. The cost function (Hermans et al., 
2006) in Table 3 provides a relative quality measure of the deformed geometry 
compared to the unaccommodated geometry reported in literature. The 
geometric parameters of the simulations with the Fisher and Weeber material 
properties were in agreement with the unaccommodated values. However, 
the 29 and 45 year-old simulations with the Heys material properties showed 
a cost function that was relatively high, compared to the simulations with the 
Fisher and Weeber material properties. Nevertheless, a substantial reduction 
in curvature and thickness was observed according to the Helmholtz theory of 
accommodation.

Age
(y)  

material 
properties

C
ant

k
ant

C
post

TT Cost 
function

summed 
net force

mean 
summed 
net force

[mm-1] [ ] [mm-1] [mm] [N] [N]
 

 unaccommodated: 0.083 -4.0 0.174 3.21
 

 

11
Fisher 0.081 -4.3 0.175 3.28    0.0016 0.053

0.041Heys 0.083 -4.7 0.173 3.16    0.0035 0.039
Weeber 0.084 -4.8 0.174 3.25    0.0042 0.032

 

 unaccommodated: 0.091 -4.0 0.181 3.63
 
 

29
Fisher 0.093 -4.0 0.183 3.6    0.0006 0.070

0.056Heys 0.106 -4.0 0.192 3.54    0.0302 0.055
Weeber 0.096 -4.0 0.189 3.58    0.0058 0.042

 unaccommodated: 0.099 -4.0 0.188 3.99
 
 

45
Fisher 0.098 -4.0 0.186 3.94    0.0005 0.054

0.056Heys 0.116 -4.0 0.195 3.96    0.0301 0.058
Weeber 0.104 -4.0 0.188 3.94    0.0025 0.055

Table 3 Deformed parametric geometry, cost function and estimated summed net force 
for the different material properties and models of a 11, 29 and 45 year-old subject
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Table 4 shows the change in equatorial radius during accommodation which 
was not involved in the estimation process. According to the MRI measurements 
reported by Strenk et al. (1999) and the regression analysis presented in Figure 
1, the change in equatorial radius during accommodation decreases with age. 
It must be noted that, compared to the accommodative change in equatorial 
radius, the resolution of the images obtained with MRI is low (0.156 mm). 
However, the changes in equatorial radius of the simulations at different ages 
with the Fisher, Heys and Weeber material properties are within the resolution 
reported by Strenk et al. (1999). For each simulation the surface area and mean 
strain of the capsular bag are given in Table 5. The surface area of the capsular 
bag increased with age while the strain during disaccommodation decreased.
 

Change in equatorial radius  ∆ R
L
  ( mm )

 age (years)  11 29 45

Strenk et al. (1999) 0.43 0.29 0.11

simulations using material properties from:

Fisher (1971) 0.39 0.25 0.15

Heys et al. (2004) 0.34 0.28 0.25

Weeber et al. (2007) 0.29 0.21 0.14

Table 4 Change in equatorial radius between the fully accommodated 
and unaccommodated state in the present study, compared to the MRI 
measurements reported by Strenk et al.(1999) and regression analysis 
(see Table 1)

age (years)  11 29 45

accommod. 14 D 0 D  8 D 0 D  4 D 0 D  

 
surface

area
(mm2)

surface
area

(mm2)

mean
strain
 (%)

surface
area

(mm2)

surface
area

(mm2)

mean
strain
 (%)

surface
area

(mm2)

surface
area

(mm2)

mean
strain
 (%)

Fisher (1971) 141.3 154.3  9.2 152.2 160.2 5.3 165.8 170.5 2.8 
Heys et al. 

(2004)
141.3 152.6 8.0 152.2 160.5 5.5 165.8 173.1 4.4 

Weeber et al. 
(2007)

141.3 150.0 6.2 152.2 158.2 3.9 165.8 170.8 3.0 

Table 5 Surface area and mean strain of the capsular bag according to the 
simulations using material properties from Fisher (1971), Heys et al. (2004) 
and Weeber et al. (2007)
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To summarize, although the models have different geometries and material 
properties, it can be seen that the summed net force that is needed to 
mould the lens in the unaccommodated state increases slightly with age to 
approximately 0.06 N, while the accommodative amplitude decreases with 
age.

4. Discussion 
In the present study, FE-modelling was applied to estimate the magnitude of 
the external force which moulds the lens into the unaccommodated shape. 
In order to study this force as a function of age, three models of a typical 11, 
29 and 45 year-old lens were constructed The simulations appeared to be 
capable of demonstrating the accommodative changes in the geometry of 
the lens that are typical for each particular age. The in vitro studies of human 
lens tissue showed different material properties, especially at a younger age. 
Nevertheless, a consistent result was observed, regardless of the use of the 
material properties reported in literature: the force on the lens appeared to 
be preserved with age, with only a slight increase to a value of approximately 
0.06 N.  The displacement of the equator of the lens, according to the FE-
modelling, was found to be equal to the values obtained with MRI (Strenk et 
al., 1999). According to the simulations, the surface area of the capsular bag 
increases during accommodation. This makes it clear that there is an elastic 
deformation (strain) of the capsular bag during accommodation. This strain of 
the capsular bag decreases with age which is in line with the decrease of the 
accommodation amplitude.

Figure 4 shows the change in the lenticular force with age, which makes it 
possible to make a comparison with the results reported by Fisher (1977) and 
Burd et al. (2002). In the spinning lens experiments, Fisher (1977) found that the 
force exerted by the ciliary muscle increased with age to approximately 0.013 
N. However, Burd et al. (2002) found a significantly greater force than Fisher 
(1977), i.e. between 0.08 and 0.1 N. It must be noted that Burd et al. (2002) 
calculated the force acting on the ciliary body by induced displacement and, 
as a result, it is not exactly the same as the summed net force on the lens that 
was found in the present study. Burd et al. (2006) studied the extent to which 
inferred values of Young’s modulus are influenced by assumptions inherent 
in the mathematical procedures applied by Fisher (1971) to interpret the 
spinning lens experiment. Their results suggest that modelling assumptions 
that are inherent in Fisher’s original method may have led to systematic errors 
in the determination of Young’s modulus of the cortex and the nucleus. In 
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the present study, the material properties measured by Heys et al. (2004) and 
Weeber et al. (2007) were also used in the modelling. Although the material 
properties differ significantly at a younger age (Table 2), the difference in the 
net force, that is needed to disaccommodate is less than a factor of two (Table 
3 and Figure 4). 

Manns et al. (2007) measured in vitro the force that is needed to change the 
lens diameter and lens power in 20 human cadaver eyes of varying age. It was 
found that the force per diopter of accommodation increases with age, ranging 
from 8 mN/D for young subjects (8–19 years) to 20 mN/D for elderly subjects 
(38–41 years). However, the force measured by the stretching apparatus is 
the force that is needed to stretch the lens including, the zonula fibres and 
ciliary body. The lens deformation alone was responsible for 3/4 of the total 
force. In order to compare our results with the results reported by Manns et al. 
(2007), we multiplied the summed net force on the lens by 4/3 to obtain the 
stretch force, as presented in Table 6. The change in optical power of the lens 
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Figure 4 Force acting on the lens as a function of age according to Fisher 
(1977), Burd et al. (2002) and the present study: simulations using the 
Fisher, Heys and Weeber material properties 
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was calculated with the thick lens formula (Bennett and Rabbetts, 1998), the 
geometric information in Table 1, and the equivalent index of refraction as a 
function of age (Dubbelman et al., 2001). The last two columns of Table 6 show 
the conversion of our results and the Manns at al. (2007) results. In conclusion, 
the present simulations correspond well with the force measured in vitro with 
the Manns et al. (2007) lens-stretching device.

Thus, based on geometry and the material properties reported in the literature, 
it can be concluded that the force that acts on the lens during accommodation 
remains available throughout life. The simulations even indicate that the 
lenticular force increases slightly with age. This is in accordance with previous 
in vitro and in vivo measurements that show that the human ciliary muscle 
retains its ability to contract and relax throughout the lifespan (Pardue and 
Sivak, 2000, Stachs et al. 2002). Because the accommodation amplitude 
decreases with age, the amount of force that is needed to disaccommodate 
one diopter of accommodation stimulus increases with age. This was also 
found by Manns et al. (2007). The preservation of the net force delivered by 
the extralenticular ciliary body therefore indicates that it is very likely that 
presbyopia has a lenticular origin.
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age summed 
net force

equivalent 
index of 

refraction

change 
in optical 

power

force on 
the lens 

per diopter

simulations:
stretch force
per diopter

Manns et 
al. (2007) 

results
 years N D mN/D mN/D mN/D

11 0.041 1.436 18.2 2.3 3.1
8

29 0.056 1.430 9.0 6.2 8.3
45 0.056 1.423 4.1 13.7 18.3 20

Table 6 Comparison between the simulation results of the present study and the 
force that is needed to change the power of the human lens and ciliary body per 
diopter measured in vitro by Manns et al. (2007)
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Abstract
Purpose: To develop a ciliary muscle-driven accommodative intra-ocular lens 
(IOL) that has a large and predictable range of variable power, as a step towards 
spectacle independence.

Methods: A concept IOL (“the Turtle lens”) has been designed that has a 
rotating focus mechanism and a mechanical frame that could operate within 
the range of ciliary muscle contraction. The concept design has been optically 
and mechanically optimized for a typical 60 year-old human eye. Prototypes 
have been made to test its mechanical performance in an enucleated pig’s eye, 
using a laboratory lens-stretching device that mimics the action of the human 
ciliary muscle. Changes in focal length during stretching were measured by 
means of laser-based ray-tracing and a video-camera system.

Results: 
It was possible to design a pair of rotating lenses which could be used as 
an IOL with variable optical power. In order to rotate the two lenses, a frame 
was designed in such way that it could allow the displacement and force of 
the ciliary muscle to be transferred by the capsular bag. Ray-tracing showed 
that the modulation transfer function (MTF) of the Turtle lens in different 
accommodative states did not deviate to any great extent from the MTF of 
a monofocal IOL. During stretching experiments the Turtle lens prototype 
achieved 8 D of accommodation. 

Conclusions: This study focused on the development of an accommodative 
IOL that meets the requirements for a spectacle independent solution 
to presbyopia. Both the mechanical and the optical design need further 
optimization to improve optical quality and functionality.
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Introduction
The purpose of this study was to design a ciliary muscle-driven accommodative 
intra-ocular lens (IOL) that has a large and predictable range of variable power. 
The requirements for an IOL that could be used to restore accommodation and 
assure spectacle independence are stringent. Firstly, the accommodative power 
of the accommodative IOL must be large, and also predictable, in order to ensure 
comfortable reading (Hoffman, Fine and Packer, 2004). This is a shortcoming of 
the previous generation of single-optic and dual-optic accommodative IOLs. 
The accommodative capacity of these lenses is based on an axial lens movement, 
but appears to be maximally 2 D (Menapace, Findl, Kriechbaum and Leydolt-
Koeppl, 2007). Secondly, it is necessary to have a predictable outcome of the 
patient’s refractive error. An accommodative IOL that restores accommodation, 
but does not have a predictable disaccommodated refractive power after 
implantation, does not guarantee spectacle independence. Moreover, an 
accommodative IOL should preferably also be capable of compensating 
corneal astigmatism, and should have an optical quality that is similar to the 
quality of a present generation monofocal IOL (Norrby, Piers, Campbell and 
Mooren, 2007) in all accommodative states. Finally, the accommodative IOL 
should be preferably be operated by the human ciliary muscle.

Pardue and Sivak (2000) reported that, in accordance with previous in vitro and 
in vivo measurements, the human ciliary muscle retains its ability to contract 
and relax throughout the entire lifespan. Using three dimensional ultrasound 
biomicroscopy, Stachs, Martin, Kirchhoff, Stave, Terwee and Guthoff (2002) 
demonstrated that the activity of the ciliary muscle in young people as well 
as in people of presbyopic age. Strenk, Semmlow, Strenk, Munoz, Gronlund-
Jacob and DeMarco (1999) used 2D Magnetic Resonance Imaging (MRI) to 
measure the change in ciliary muscle diameter with accommodation in a 
group of 25 healthy subjects. In all subjects there was contractile activity in the 
ciliary muscle. More recently, Strenk, Strenk and Guo (2006) also found that the 
accommodative change in ciliary muscle diameter remained undiminished by 
age or IOL implantation.

Finite element (FE) modelling has been used to estimate the force acting on the 
human lens. Using data that is available from the literature, Burd, Judge and Cross 
(2002) created an FE model of the complex configuration of the ciliary muscle, 
the zonular fibres and the lens, and from this model they calculated the force 
acting on the ciliary body by induced displacement. The results showed that 
the force increased slightly with age, to a value between 0.08 and 0.1 Newton 
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(N), which is approximately six times the value reported by Fisher (1977). Using 
FE simulations, Hermans, Dubbelman, Van der Heijde and Heethaar (2008) also 
concluded that the force that acts on the lens during accommodation remains 
available throughout life, and that is approximately 0.06 N. The preservation 
of the net force delivered by the extralenticular ciliary body indicates that it is 
very likely that presbyopia has a lenticular origin. Therefore, it is believed that 
after phacoemulsification the movements of the ciliary muscle could be used 
to restore accommodation.

Van der Heijde (2003) was the first researcher to propose the application of 
the Alvarez principle (Alvarez and Humphrey, 1970) to achieve variable optical 
power in an accommodative IOL. Simonov, Vdovin and Rombach (2006) showed 
that it is theoretically possible to optically elaborate on a pair of Alvarez lenses 
to construct an accommodative IOL. Simonov et al. (2006) made a prototype to 
show that it is possible to achieve an accommodative power of 4 D and high-
contrast imaging over the whole range of accommodation. However, there was 
still no mechanical solution to the problem of how the Alvarez lenses could 
be driven by the natural process of contraction and relaxation of the ciliary 
muscle. 

This study focused on the development of an accommodative IOL that meets 
the requirements for a spectacle independent solution to presbyopia. The 
displacement and force of the human ciliary muscle is transferred by means 
of the capsular bag into the deformation of a mechanical frame. Elastic hinges 
carry the axial deformation of the frame into a movement lateral to the optical 
axis. Subsequently, the lateral movement of the frame is used to rotate two 
lenses which produce a variable optical power of 8 D. The optical elements 
rotate around a rigid rotational hinge in order to guarantee alignment. Stop-
devices assure a base power for the disaccommodated state. The concept 
design was optically and mechanically optimized for a typical 60 year-old 
human eye. Finally, silicon prototypes were made to test the optical and 
mechanical performance of the concept in an enucleated pig’s eye.
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Method
Optical design
To produce a variable optical power, Baker and Plummer (1987) demonstrated 
two optical elements that could relatively rotate around a rotation axis that 
is decentered from the optical axis. The advantage of a pair of rotating lenses 
is that they can be mounted on a rotational hinge to assure alignment of the 
two lenses. Furthermore, the base power, the accommodative amplitude, and 
the amount of rotation that is necessary to achieve the variable power, can be 
chosen independently.
 
In our study, we constructed a model of an eye which can be used to theoretically 
test an optical design of rotating IOLs by means of ray-tracing. The cornea of 
this model was derived from Gullstrand’s (1909) No.1 exact schematic eye 
with, an anterior radius of 7.7 mm, and a posterior radius of 6.8 mm, and a 
refractive index of 1.376. The axial length of our model, measured from the 
anterior corneal vertex to the retina was 24 mm, and the index of refraction of 
aqueous and vitreous was assumed to be 1.336. Ray-tracing was performed 
with custom-written software in Matlab (The Mathworks ©). The center plane 
of the rotating lenses was positioned 5.8 mm behind the anterior corneal 
vertex. The rotational axis was decentered 3.5 mm from the central optical axis, 
and the optical aperture had a diameter of 5.5 mm. A base power of 21 D and 
an accommodative power of 8 D was chosen to operate linearly with a rotation 
of up to 0.1 radians (5.7 degrees).

Figure 1  Example of ray-tracing a pair of rotating lenses in an 
eye model; left accommodated, right disaccommodated
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Mechanical design 
The relative change in equatorial diameter of the disaccommodated and 
accommodated ciliary muscle was obtained from the Strenk et al. (1999) 
MRI study. Regression analysis (Figure 2) was applied to determine the 
accommodative change in diameter as a function of age. According to this 
regression analysis, in a typical 60 year-old human eye there is a change of 
approximately 0.3 mm in ciliary muscle diameter with accommodative 
stimulus. More recently, Strenk et al. (2006), even found an average change in 
ciliary muscle diameter of 0.64 mm, independent of age or the presence of an 
IOL. 

Figure 2 Regression analysis of the Strenk et al. (1999) MRI data: 
change in equatorial ciliary muscle diameter (at 0.1 D and 8 D 
accommodation stimulus) as a function of age
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In our study, we assumed that a typical 60 year-old subject can induce at least 
a 0.3 mm change in diameter of the ciliary muscle. We therefore designed a 
frame in which the displacement and the force of the human ciliary muscle 
could be transferred by the capsular bag into a rotation of the two lenses. The 
design required a 0.3 mm displacement of the lenses in equatorial direction, 
corresponding to a rotation of 0.1 rad. The force necessary to deform the frame 
and to rotate the lenses should be less than 60 mN (Hermans et al., 2008), and 
stop-devices should assure a base power of 21 D in the unaccommodated 
state. 

The FE method (Abaqus 6.6-1, Simulia ©) was used to test the mechanical 
functioning as illustrated in Figure 3. A capsular bag with a capsulorhexis 
of 5 mm was simulated, with a Young’s modulus of 1.47 (Krag, Olsen and 
Andreassen, 1996, Burd et al., 2002), a Poisson’s ratio of 0.47 (Fisher, 1969), and 
a uniform thickness of 20 µm. Pressure on the equatorial region of the capsular 
bag simulated the force delivered by the ciliary muscle and the zonula fibres.

Figure 3 FE method used to compute the deformation and displacements 
of a concept design inside a capsular bag of a typical 60 year-old human 
eye
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Finally, using FE modelling, the frame and the elastic hinges were optimized 
to assure the necessary amount of rotation with a force of 10 mN, delivered by 
the ciliary muscle.

Prototyping
Moulds were constructed, to make it possible to produce prototypes of the 
frame and the lenses. The moulds were made from brass, and contained optical 
inserts with the rotating focus principle, manufactured with submicron accuracy. 
The frame and lenses were made from silicon material, with a refractive index 
of 1.46, as used in the production of monofocal IOLs (AMO, Inc. ©). The lenses 
were assembled with two nylon pins attached to the frame. The rotating hinge 
between the lenses was made of stainless steel to guarantee pure rotation.

Testing of prototypes
Using a laboratory lens-stretching device that mimics the ciliary muscle action 
(Koopmans, Terwee, Barkhof, Haitjema and Kooijman, 2003), the mechanical 
performance of the prototypes was tested in an enucleated pig’s eye. Changes 
in back focal length during stretching were measured by means of laser-based 
ray-tracing and video-camera recordings, as shown in Figure 4. 

Figure 4 Experimental set-up of the stretching device
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It must be noted that the dimensions of the lens of a pig’s eye are somewhat 
different from the dimensions of a typical 60 year-old human lens. The 
enucleated pig’s lens that was used in the present study had an equatorial 
diameter of 12 mm and a central thickness of 5 mm.

The tissues were then incrementally stretched four times in radial direction in 
steps of 1 mm each time. To demonstrate the repeatability of the stretching 
procedure, we incrementally stretched the ciliary body diameter of the lens to 
4 mm, released the strain in steps of 1 mm to return to 0 mm expansion, and 
then once more increased the tensile force until the ciliary body reached the 
point of yielding. During this experiment we measured the back focal length 
of the prototype.

Results
Optical and mechanical design
It was possible to design a pair of lenses that could deliver a variable power of 8 
D with a rotation of only 0.1 rad and a base power of 21 D. The monochromatic 
modulation transfer function (MTF) was 0.7 - 0.8 at 50 cycles/mm in all 
accommodative states with a 3 mm aperture, which is comparable with the 
quality of a monofocal IOL. 

FE modelling was used to design a frame which could induce the rotation of 0.1 
rad by a change of 0.3 mm in the equatorial diameter of the ciliary muscle. The 
force that was necessary to deform the implanted frame was 10 mN, and this 
was assumed small enough to be delivered by the ciliary muscle. Furthermore, 
the lenses were forced to rotate by a rigid rotational hinge and contained a 
stop-device. The resulting concept design is shown in Figure 5.

Figure 5 Concept design of the accommodative Turtle lens



140

Chapter 7

Several prototypes were created with the brass moulds and the silicon optical 
material, an example is shown in Figure 6.

Figure 6 Assembled prototype of the accommodative Turtle lens 
concept with silicon lenses and silicon frame

Figure 7 Assembled prototype of the accommodative Turtle lens 
concept with poly-urethane lenses and a stiffer frame
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After implantation and stretching of the silicon prototype, the change in focal 
length that was observed was corresponding to only 0.9 D. The frame appeared 
to be too soft to carry the loads in the enucleated pig’s eye. Furthermore, torsion 
and deformation of the soft silicon lenses could have played a role in the low 
accommodative amplitude. Therefore, the same moulds were used to improve 
the functioning of the concept design. A different silicon material was used 
to increase the stiffness of the frame by a factor of 5.5. Furthermore, a rigid 
material was chosen for the lenses, in order to guarantee a pure rotation of the 
lenses in relation to the stainless steel rotational hinge. Under low pressure, the 
lenses could be moulded with poly-urethane, with a refractive index of 1.58. 
Finally, the stop-devices were removed to allow the lenses to rotate freely, as 
shown in Figure 7.

Figure 8 shows the specimen of the lens-zonula-ciliary body with a capsulorhexis 
of 5 mm, suspended in sutures, and an implanted Turtle lens prototype with 
poly-urethane lenses.

Figure 8 Stretch ring with the lens-zonula-ciliary body specimen and the Turtle 
lens in situ, implanted before stretching
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Figure 9 shows the results of the laser-based ray-tracing procedure at 0 mm 
and 4 mm initial stretch. A change in focal length from 39.8 to 52.0 mm was 
measured; this corresponds to a change in lens power from 33.6 to 25.7 
D. Although there was a clear change in focal length, the laser rays did not 
intersect at one focal point, indicating higher order aberrations.

Figure 9 Example of the laser-based ray-tracing of the prototype with poly-
urethane lenses in the pig’s eye at 0 mm and 4 mm stretch. The change in 
focal length corresponds to a change in power of 33.6 to 25.7 D 
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Figure 10 shows the lens power at all levels of stretch, using the enucleated 
pig’s eye equipped with a Turtle lens prototype. Approximately 2 D hysteresis 
was observed while repeating the stretch experiments. 

Figure 10 Lens power of the prototype with poly-urethane lenses as a 
function of stretch (diameter) of the ciliary body
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Conclusions
It was possible to design a pair of rotating lenses which could be used in an 
IOL with variable optical power. In order to rotate the two lenses, we designed 
a frame that could allow the displacement and force of the ciliary muscle to 
be transferred by the capsular bag. The theoretical MTF of the Turtle lens in 
different accommodative states did not deviate to any great extent from the 
MTF of a monofocal IOL. 

The prototypes of the concept design with silicon lenses appeared to be too 
soft to carry the loads of the enucleated pig’s eye. Better results were obtained 
by increasing the stiffness of the frame by a factor of 5.5, and using rigid poly-
urethane lenses. During the initial stretching experiment of the prototype with 
poly-urethane lenses, there was a change of  approximately 8 D in optical power. 
Based on the refractive index of the poly-urethane (n = 1.58), we calculated that 
a rotation of only 0.05 rad had occurred. Although the Turtle lens prototypes 
were designed to operate with 0.3 mm change in ciliary muscle diameter and 
0.1 rad, the ciliary body needed to be stretched more (4 mm) in order to change 
the power of the implanted prototype. The Turtle prototype was designed 
for a typical 60 year-old human eye but it was tested in an enucleated pig’s 
eye, so the extra stretch that was needed was probably due to the difference 
in size between the pig’s lens and the human lens. Furthermore, there was 
some hysteresis in the optical power and stretch relationship, probably due 
to mechanical changes in the ciliary body and capsule (Krag and Andreassen, 
2003) or non-elastic deformation of the Turtle prototype. Although the optical 
design provided a theoretical MTF which was comparable to a monofocal IOL, 
the prototype which was tested with laser-based ray-tracing showed higher 
order aberrations. 

To reduce the amount of induced corneal astigmatism, it is necessary to 
implant an IOL through a small corneal incision. Therefore, the accommodative 
IOL developed in the present study should be made foldable so that it can 
be implanted with an injector. In principle, this procedure is possible. For 
instance, Ossma, Galvis, Vargas, Trager, Vagefi and McLeod (2007) showed that 
it is possible to inject the dual-optic Synchrony IOL, which is comparable in size 
with the Turtle lens, through a corneal incision ranging in diameter from 4.5 
to 5.5 mm. Furthermore, it is also possible to produce the frame of the Turtle 
lens with square edges, in order to prevent the formation of posterior capsule 
opacification.



Turtle lens

145

In conclusion, most of the requirements for an accommodative IOL, through 
which spectacle independence can be achieved, can be met. The mechanical 
frame, in combination with the rotating focus principle, can be used to 
develop an IOL that restores accommodation with a large and predictable 
accommodative amplitude. By using stop-devices, the base power can be varied 
in steps of 0.5 D, according to the required refractive outcome of the patient. 
Astigmatism and higher order aberrations, such as spherical aberration, could 
be compensated by the optical design, and even varied with accommodation 
(Palusinski, Sasian and Greivenkamp, 1999). However, both the mechanical and 
the optical design need further optimization to improve the optical quality 
and functionality of an accommodative IOL.
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ABSTRACT
The invention relates to an intraocular frame for implantation in the capsular 
bag of an eye, to an intraocular lens for implantation in the capsular bag of an 
eye having an optical axis, to an intraocular lens system for the implantation 
in an eye comprising at least two varifocal lenses and a method for installing 
accommodating vision in a patient. The design of an accommodating 
compound lens comprising two varifocal lenses is described. 
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BACKGROUND OF THE INVENTION
The present invention relates to an intraocular frame for implantation in the 
capsular bag of an eye, to an intraocular lens for implantation in the capsular 
bag of an eye having an optical axis, to an intraocular lens system for the 
implantation in an eye comprising at least two varifocal lenses and a method 
for installing accommodating vision in a patient.

In a natural eye, the accommodative power, i.e. the ability to (dynamically) 
vary the focal length of the lens and thus of the eye as a whole, is provided by 
the reversible deformation of the lens between more and less curved shapes. 
The natural lens comprises a crystalline lens in a lens capsule or capsular bag. 
The capsular bag is connected to the so-called zonulae. The zonulae extend 
generally radially from the lens and are connected with their other end to 
the ciliary muscle which surrounds the eye essentially in the equatorial plane. 
The natural lens is generally resilient and strives to a generally more spherical 
shape.

In the relaxed state of the ciliary muscle its diameter is relatively wide. This 
causes the zonulae to pull on the capsular bag and to flatten the lens against 
its resilience. In a young, healthy human eye without refractive errors, this 
causes the eye to become emmetropic, i.e. having acute vision in “infinity” in a 
desaccommodated state. Emmetropy is usually determined by having a patient 
read a predetermined line of an eye-chart from a distance of approximately 5 
metres.

When the ciliary muscle contracts, its inner diameter reduces, thus reducing the 
tension in the zonulae. As a consequence, the natural lens relaxes to assume a 
shape with a stronger curvature. Thus, the focal power of the lens is increased 
and the eye can focus on shorter distances, e.g. for reading. Due to aging or an 
affliction, the natural lens may lose some or substantially all of its resiliency and 
only allow accommodation over a limited scope, e.g. resulting in age-related 
far-sightedness or presbyopia.

Several optical surgery procedures, e.g. cataract surgery, involve the removal 
of the natural crystalline lens of an eye. In order to install or restore vision to 
the patient after such surgery an artificial lens may be implanted in the eye. 
Presently, most implanted artificial lenses have a fixed focal length or are multi-
focal lenses having two or more fixed focal lengths. These lens types provide 
no or at most pseudo-accommodative power. This leaves patients who have 
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underwent such surgery more or less handicapped in everyday life, since they 
are no longer able to quickly and rapidly focus at any given distance.

When the natural crystalline lens is surgically removed from the lens capsule, 
the capsular bag may be left essentially intact, in that it can still be deformed 
by the ciliary muscle if a sufficient counterforce is provided. This functionality 
can remain even when a substantial window, or rhexis, has been cut out of the 
capsular bag.

There is thus ongoing research for an artificial intraocular lens or lens system 
providing accommodative power, especially by using the natural focussing 
system of the eye, relying on the reversible deformation of the lens, and a 
number of patent applications and patents discuss accommodating intraocular 
lenses. For instance, US 4,994,082, US and 2004/0158322 discuss complex lens 
systems mounted in a frame wherein the individual lenses move with respect to 
each other essentially in a plane perpendicular to the optical axis. US 4,994,082 
also discusses displacing two lenses along the optical axis. Furthermore, US 
5,275,623, US 2002/0116061, US 2004/0082994 and US 2005/055092 discuss an 
accommodating intraocular lens comprising a frame and two lenses which are 
displaced along the optical axis of the lens system and of the eye, wherein the 
relative motion of the anterior and posterior parts of the capsular bag is used 
for realising the motion of the lenses.  US 2005/0131535 discusses a deformable 
intraocular lens in a frame. It should be noted that US, 3,305,294 US 3,507,565, 
US 3,583,790, US 3,617,116, US 3,632,696, US 3,751,138, US 3,827,798 and US 
4,457,592 describe changing the focal length of a lens system comprising two 
particularly shaped lenses by linearly displacing the lenses with respect to each 
other.  Using such lenses for intraocular lenses is known from WO 2005/084587, 
WO 2006/025726, WO 2006/118452 and from Simonov AN, Vdovin G, Rombach 
MC, Opt Expr 2006; 14:7757-7775. US 4,650,292 discusses rotating optical 
elements of a compound lens with respect to each other for changing the 
focal length thereof, using surfaces described by polynomial equations having 
a non-zero term of at least fourth order. Further, US 6,598,606 describes a 
method for providing a lens implant in a lens capsule with a predetermined 
refractive value.

In all these prior art (intraocular) lenses and lens system relatively large 
displacements of the lenses with respect to each other are used for 
accommodating and/or the intraocular lenses use the equatorial motion of 
the zonulae and/or capsular bag for effecting accommodation.
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It has been found that when an artificial lens has been implanted into the 
capsular bag, the flexibility of the capsular bag, and thus its accommodative 
power reduces over time, which effect is usually most pronounced around 
the equatorial rim of the capsular bag. Further, it has been found that, in time, 
cellular growth or migration may cause further stiffening of (the remainder of ) 
the capsular bag and opacification thereof, and consequentially not only loss 
of accommodative power but also general loss of sight to the patient.

SUMMARY OF THE INVENTION
An object of the present invention is therefore to provide improvements 
for artificial intraocular lenses, in particular for accommodating intraocular 
lenses.

To that end, an embodiment of the invention provides an intraocular frame for 
implantation in the capsular bag of an eye having an optical axis, comprising 
an anterior frame element, a posterior frame element, and a resilient element 
for urging the anterior and posterior frame elements towards a predetermined 
axial separation. The frame comprises a connecting element connecting the 
anterior and posterior frame elements. The connecting element is configured to 
be attached, in use, to an optical element. The frame is arranged for converting 
a first displacement of the anterior and posterior frame elements with respect 
to each other (having at least a component parallel to the optical axis of the 
eye) into a second displacement of at least a part of the optical element. The 
second displacement has at least a component perpendicular to the optical 
axis of the eye. 

The first displacement is preferably substantially parallel to the optical axis of 
the eye. The second displacement is preferably substantially perpendicular to 
the first displacement and substantially perpendicular to the optical axis of the 
eye. The predetermined axial separation should preferably be chosen such that 
the anterior and posterior frame elements are urged against the anterior and 
posterior inner wall, respectively, of the capsular bag when implanted therein.
The resilient element may be configured to bias the anterior and posterior 
frame elements against the anterior and posterior inner wall, respectively, of 
the capsular bag when implanted therein. Accordingly, the first displacement 
of the anterior and posterior frame elements will be caused by the action of 
the capsular bag under the influence of the ciliary muscle. Such a frame is 
thus beneficial in that the motion of the capsular bag in the direction of the 
optical axis is coupled with a motion of an optical element at least partially 
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in a perpendicular direction thereto. Thus, the frame may mimic the resilient 
behaviour of the natural lens in this respect.

This contrasts other accommodating intraocular lenses, which may either 
rely on the equatorial motion and/or close contact to the equatorial rim of 
the capsular bag and the zonulae for moving optical elements in this plane, or 
which rely on the motion essentially along the optical axis for moving optical 
elements in the same direction. 

The conversion between the first and second displacements may be caused by 
a mounting element which is configured to be attached, in use, to an optical 
element and which may rotate, bend or slide etc., e.g. against another part of 
the frame or against an inner wall of the capsular bag, upon a displacement of 
the anterior and posterior frame elements with respect to each other having 
a component parallel to the optical axis of the eye. In the frame, the resilient 
element and the connecting element may be the same, thus reducing the 
complexity of the device. In an efficient embodiment, the connecting element 
of the frame is arranged for converting the first displacement into the second 
displacement. In this case, the optical element is, in use, attached between and 
preferably free from the anterior and posterior frame elements so that it may 
be essentially immovable along the optical axis, or so that its displacement 
may be essentially solely determined by the connecting element. 

The connecting element may be e.g. an axial torsion-spring oriented 
substantially parallel to the optical axis, which is wound up or down by the 
first displacement of the anterior and posterior frame elements and which 
therewith displaces the optical element essentially perpendicular to the 
optical axis. The spring is preferably symmetric about the connection to the 
optical element. In a preferred embodiment, the connecting element has 
a deflection from a straight connection between the anterior and posterior 
frame elements. The deflection may be a hinge, a fold or a resilient curve etc. 
In this manner, a preferred location is provided which will flex or bend etc. 
and thus be displaced under the influence of the displacement of the anterior 
and posterior frame elements with respect to each other. The magnitude 
of the component of the displacement perpendicular to the optical axis 
is dependent on the position along the connecting element; the element 
will generally be substantially immobile relative to the frame at or near the 
connection to the anterior and posterior frame elements, respectively, and be 
maximum at the hinge, fold or curve. Thus, it is preferred that the connecting 
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element is configured to be attached to an optical element at least near the 
point of maximum deflection from a straight connection between the anterior 
and posterior frame elements, where the response to a displacement of the 
anterior and posterior frame elements is maximised.  The point of maximum 
deflection may be in the middle of, or at another position along, the length of 
the connecting element. In order to cause a substantially radial component to 
the second displacement, the deflection of the connecting element may have 
a radial component with respect to the optical axis of the eye.

It is generally preferred that at least the anterior frame element provides an 
opening for allowing aqueous humor to pass therethrough, preferably for 
allowing aqueous humor to flow between the anterior chamber of the eye and 
the interior of the capsular bag. This is considered beneficial, since it is believed 
that the aqueous humor has healing properties for the capsular bag in that 
it reduces or even prevents scar-tissue build-up or generally proliferation of 
cells on the capsular bag, which might lead to opacity of the capsular bag and 
subsequent loss of vision. It is therefore preferred that also the posterior frame 
element is provided with such an opening for allowing aqueous humor to pass 
therethrough. Depending on the optical properties of the frame, the opening 
is obviously best situated so as not to block vision.

Efficiently, at least the posterior frame element is provided with a relatively 
sharp edge along the contact region of the frame element with the wall of the 
capsular bag. A relatively sharp edge or rim, as opposed to a smoothly rounded 
one, hinders cellular growth or migration which may occur outside the posterior 
frame element from passing within a perimeter set by the edge, thus reducing or 
even preventing cellular growth on and subsequent opacification of the inside 
of the contact region. The edge or rim may be essentially square- or acute-
angled or even be slightly rounded and still exhibit the cell growth blocking 
effect. Such roundedness of the edge may be determined by the deviation of 
the edge from a square angle. An edge with a fillet due to polishing resulting 
a deviation of up to 13.5 micron has been found to effectively obstruct cell 
migration across the edge. (Tetz M, Wildeck A. Evaluating and defining the 
sharpness of intraocular lenses. Part 1: influence of optic design on the growth 
of the lens epithelial cells in vitro. J Cataract Refract Surg, 2005; 31:2172-2179)

The frame may comprise elements for substantially centring the frame about 
the optical axis of the eye when implanted therein. Such elements, e.g. haptics, 
preferably exert no or very low pressure against the equatorial rim of the eye, 
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e.g. just sufficient to keep the frame in place. 

It has been observed that the loss of resiliency and flexibility of the capsular 
bag once an intraocular lens has been implanted therein is most pronounced 
about the equatorial rim. It is the inventors’ believe that the stiffening of the 
capsular bag may be caused in response to the stress exerted on the capsular 
bag by the implanted lens. Thus, lenses which stretch or tauten the capsular 
bag in the radial direction and which rely on a variation in the diameter of the 
capsular bag for accommodation may cause a deterioration of the function 
of the capsular bag. It may therefore be preferred not to exert such stress. In 
a preferred embodiment, therefore, the frame, once implanted in the capsular 
bag of the eye, is only in contact with the interior surface thereof on the anterior 
and posterior walls thereof and is free from contact with the equatorial rim 
thereof. In such embodiments the frame may be configured to be free from 
such contact both in the accommodated and desaccommodated states as well 
as in any transitional state.  The frame may also comprise different or additional 
elements, such as protrusions, legs, rings or wings etc. for securing the position 
of the frame with respect to the capsular bag.

Preferably, with a frame according to an embodiment of the present invention 
the net effect of the forces on the capsular bag is to generally urge the capsular 
bag towards the accommodating shape. Thus, the natural resiliency of the eye 
may be mimicked, which may lead to maintain the natural accommodating 
effect and efficiency of the eye for longer periods than is found with present 
intraocular devices.

Within this text, the equatorial rim is considered to be the part of the capsular 
bag to which the zonulae are attached. In an adult human eye this part usually 
extends for about 2.5 mm from the equatorial plane which extends through the 
maximum girth of the capsular bag, both lengths measured along the surface 
of the capsular bag. The anterior and posterior sections of the capsular bag are 
considered the parts anterior and posterior of the equatorial rim, respectively.

Another aspect of the invention is an intraocular lens for implantation in the 
capsular bag of an eye having an optical axis. The intraocular lens comprises 
an optical system attached, in use, to a first connecting element of a frame 
according to an embodiment of the invention. The optical system may thus be 
substantially free from contact to the walls of the capsular bag, which allows 
aqueous humor to flow essentially unimpeded around the optical system. 
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Thus, the capsular bag may be passivated or appeased, as described before, 
preventing stiffening and opacification thereof. Further, the aqueous humor 
may rinse the optical system with every movement or deformation of the 
capsular bag and/or the optical system, which is thought to reduce the sticking 
of cells to the surfaces of the optical system and thus clouding it and therewith 
possibly impairing vision. In addition, the optical system may be displaced in 
response to the displacement of the anterior and posterior frame elements 
and the capsular bag, respectively, which may be used for accommodation.

The optical system is preferably additionally attached, in use, to at least a second 
connecting element of the frame, so that the position and/or displacement of 
the optical system is better and more robustly defined and maintained than in 
the case the system is attached to a single point. 

In a beneficial embodiment of the invention, the optical system is reversibly 
deformable by the displacement of at least one of the parts thereof which is 
attached to a connecting element of the frame. Deforming an optical system 
usually allows to modify its optical properties. Thus, the intraocular lens 
according to an embodiment of the invention may be an accommodating 
lens. In this case, it is preferred that the optical system comprises a reversibly 
deformable lens. This allows to mimic the natural eye quite closely. The 
equatorial pulling force on the lens capsule of a resilient lens by the zonulae 
may be replaced by the equatorial pulling by corresponding elements of 
the frame on the artificial lens. The resiliency of the natural lens which urges 
the capsule to the accommodating configuration and which is lost upon the 
removal of the crystalline lens is replaced by that of the artificial lens and/or of 
the frame. The various resiliencies of the different elements may be chosen or 
configured so as to emulate the forces of the natural eye.

Another preferred optical system comprises at least two optical elements 
which are movable with respect to each other. This allows to properly design 
a particular optical configuration and to predict the effect of a relative 
displacement of the optical elements with respect to each other. The geometric 
shape and/or material of the optical elements, preferably lenses, may be 
chosen at will so as to achieve a desired effect. It is preferred that the at least 
two optical elements are mutually movably interconnected, so that the relative 
position and/or motion of the elements may be better defined than generally 
possible without the interconnection. The interconnection may provide a 
centre of rotation for at least two individual optical elements with respect to 
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each other. This allows a well defined rotation of the elements with respect to 
each other about a common axis.

It is preferred that the optical system comprises at least one resilient element 
for providing a restoring force for urging the optical system to a default 
configuration. Thus, the optical system may have a preferred position to which 
it strives to return. This may increase the similarity of the artificial lens to a 
natural lens. The default position may be an accommodating position. The 
optical system may be provided with at least one element for defining a default 
configuration. The element may comprise one or more stops for arresting the 
optical system in this default configuration, or it may be a resilient element 
having a neutral position etc. This allows definition of a particular optical 
property, such as a focal length, of the optical system, and to reliably retrieve the 
configuration for which the property was defined.  This default configuration 
defined by the at least one element need not be the configuration to which 
the intraocular lens or the optical system strives; the intraocular lens or the 
optical system may have a default configuration for achieving emmetropy and 
one for an accommodated state.

The intraocular lens according to an embodiment of the invention is preferably 
arranged so that the net effect of the forces on the capsular bag, at least due 
to the at least one resilient element of the frame and/or to the at least one 
resilient element for providing a restoring force for urging the optical system 
to a default configuration, is to generally urge the capsular bag towards the 
accommodating shape. Thus the artificial intraocular lens behaves much like 
the natural lens. The main contribution to the force, either from the frame, the 
optical system or another element may be chosen, e.g. to suit particular or 
structural preferences or demands.

According to an aspect of the invention an intraocular lens is provided 
comprising a frame and an optical system. The frame comprises an anterior 
frame element, a posterior frame element, and a first and a second connecting 
element connecting the anterior and posterior frame elements. The first and 
second connecting element are configured to be attached, in use, to an optical 
system. The frame is configured for converting a first displacement of the 
anterior and posterior frame elements with respect to each other having at least 
a component parallel to the optical axis of the eye into a second displacement 
of at least a part of the optical element, the second displacement having at 
least a component perpendicular to the optical axis of the eye. The optical 
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system is an optical system as disclosed above which is resilient. The net effect 
of the forces on the capsular bag due to the intraocular lens is to generally urge 
the capsular bag towards the accommodating shape.  Such an intraocular lens 
combines the benefits of the embodiments of the intraocular lens discussed 
above with that of a frame, wherein the frame may be a passive device and 
need not have a resilient element. The net force of such an intraocular lens may 
be efficiently optimised, as it originates in the resiliency characteristics of the 
optical system.

Within this text, a lens may be diffractive, refractive or a combination which 
may have positive and negative value, but which may also have zero optical 
strength. Graded index lenses, Fresnel lenses etc. and non-rotationally 
symmetric lenses, e.g. cylinder lenses, are also included. An optical system may 
comprise one or more optical elements, wherein each element may be a lens, 
a lens array, a filter or any other optical element, including opaque devices, 
mirrors and prisms. Also optical detectors such as bio-compatible CCD- or 
CMOS-chips are conceivable.

Another aspect of the invention is an intraocular lens system for implantation 
in an eye comprising at least two varifocal lenses. The focal length of the lens 
system according to an embodiment the invention is dependent on at least 
the rotation of the two lenses with respect to each other about an axis which 
is substantially parallel to the main optical axis of the lens system and which 
is substantially stationary with respect to the two lenses. The intraocular lens 
system further comprises a frame for positioning the lenses into the capsular 
bag of an eye such that once implanted the main optical axis of the lens system 
is substantially along the optical axis of the eye. Thus the lens system may be 
kept in position and preferably its lenses be kept free from contact (or have 
only limited contact) with the inner wall of the capsular bag. Further, the frame 
determines and maintains the optical axis of the system to that of the eye, 
facilitating the lens design.

A combination of varifocal lenses, i.e. lenses which have different foci at 
different positions on the lens, may provide an optical system exhibiting very 
large differences in its optical power upon very small relative linear and/or 
rotational displacements of the constituents. This makes it a preferred optical 
system for use as an intraocular lens, wherein small displacements are preferred 
to optimise the ratio thereof to the available volume of the capsular bag.
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The frame may be arranged for causing a rotation of the two lenses with respect 
to each other about an axis which has at least a component parallel to the main 
optical axis of the lens system, and is preferably substantially parallel thereto, 
for changing the focal length of the lens system due to the natural action of 
the ciliary muscle on the capsular bag of the eye. Thus, an accommodating 
intraocular lens is provided. Preferably the frame is arranged for causing at 
least a rotation of the two lenses with respect to each other about an axis 
which has at least a component parallel to the main optical axis of the lens 
system and is preferably is substantially parallel thereto due to a displacement 
of elements of the frame parallel to the optical axis of the eye. Such a frame 
does not rely on the equatorial motion of the capsular bag of the eye and thus 
may be free of contact with the equatorial rim thereof, which may reduce the 
chances of scarring or loss of flexibility of the capsular bag. The two lenses may 
be connected with a resilient element which is arranged for causing at least 
a rotation of the two lenses with respect to each other about an axis which 
has at least a component parallel to the main optical axis of the lens system 
and is preferably is substantially parallel thereto to the main optical axis of 
the lens system for changing the focal length of the lens system due to the 
natural action of the ciliary muscle on the capsular bag of the eye. A resilient 
connecting element may urge the lenses to a default position, enabling a  well 
reproducible definition of an optical property of the lens system. A resilient 
element may also dose the displacement, since it may provide a countering 
force to the force of the ciliary muscle acting indirectly on the lenses, thus 
allowing a well-controllable accommodation.

In a preferred embodiment, the two lenses are connected with a resilient 
element which is arranged for causing at least a rotation of the two lenses with 
respect to each other about an axis which is substantially parallel to the main 
optical axis of the lens system due to a displacement of elements of the frame 
substantially parallel to the optical axis of the eye. Thus allowing to leave the 
equatorial rim of the capsular bag free from contacts which may exert stress on 
the capsular bag and which may cause or aggravate inflexibility of the capsular 
bag. The lens system may be provided with at least one element for defining 
a default configuration of at least the two lenses, thus allowing to define and 
determine optical parameters such as the focal length of the lens system 
clearly and reproducibly. Preferably, the focal length of the lens system in the 
default configuration is such that an eye wherein the lens system is implanted 
is emmetropic at the default configuration of the lens system. This provides the 
patient with optimum vision at “infinity”. An emmetropic default configuration 
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can also be reliably checked and possibly attained during or after implantation 
by allowing the ciliary muscle to relax, e.g. by letting the patient focus at an 
“infinitely” distant object or by a medicinal preparation or procedure, thus 
obtaining a reference position of the capsular bag. 

Yet another aspect of the invention is an intraocular lens for implantation in 
the capsular bag of an eye having an optical axis, comprising an optical system 
and a frame. The frame comprises an anterior frame element, a posterior 
frame element, and a resilient element for urging the anterior and posterior 
frame elements towards a predetermined axial separation. The frame further 
comprises a connecting element connecting the anterior and posterior frame 
elements. The optical system is attached, in use, to the connecting element and 
is separate from the anterior and posterior frame elements. 

The predetermined axial separation should preferably be chosen such that 
the anterior and posterior frame elements are urged against the anterior and 
posterior inner wall, respectively, of the capsular bag when implanted therein.
Thus, the optical system is free from contact with the capsular bag such that 
both the capsular bag and the optical system may be flushed with aqueous 
humor inside the capsular bag, thus reducing cell migration and growth and 
subsequent opacification thereof.

An embodiment of the invention further provides a kit for the implantation of 
an intraocular lens in the capsular bag of an eye, comprising a biocompatible 
material for filling the capsular bag, preferably substantially homogeneously, 
and replacing the natural lens tissue of the eye, and an intraocular frame. 
The frame comprises an anterior frame element, a posterior frame element, 
and a resilient element for urging the anterior and posterior frame elements 
against the anterior and posterior inner wall, respectively, of the capsular bag 
when implanted therein, the frame being arranged for biasing the capsular 
bag towards the accommodating shape. In this way, a natural lens may be 
emulated. The effective resiliency and force of the artificial lens towards the 
accommodating shape may be selected by the material choice for the lens 
material and the resilient properties of the frame, thus allowing to select an 
optimum combination of properties for the assembly for implantation and 
use. The frame, once implanted in the capsular bag of the eye, is preferably in 
contact with the interior surface thereof on the anterior and posterior walls 
thereof and is free from contact with the equatorial rim thereof. Thus the 
capsular bag is essentially free from stress in the equatorial plane, and the 
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natural force-balance of the eye may be relatively closely matched.

Preferably, at least the posterior frame element is provided with a sharp edge 
along the contact region of the frame element with the wall of the capsular 
bag. This obstructs cellular migration from passing within a perimeter set by 
the sharp edge which may cause cellular growth and subsequent opacification 
and/or stiffening of the capsular bag within the contact region.

The frame, the lens and/ or the optical system may be so configured that 
particular aspects thereof, such as the forces the different elements exert to 
each other and/or to the capsular bag or optical parameters such as the focal 
length of a lens are adjustable prior, during and/or after the implantation 
thereof. Further, any part may be formed foldable, rollable generally deformable 
for insertion into the capsular bag with minimal damage. 

According to an embodiment of the invention, accommodating vision may be 
installed in a patient by implanting an intraocular lens system or an intraocular 
lens according to an embodiment of the invention, into the capsular bag of the 
eye, after having removed the natural lens tissue therefrom, or by implanting a 
frame according to an embodiment of the invention and attaching an optical 
element thereto. 

Additionally, accommodating vision may be installed in a patient following the 
steps of removing the natural lens tissue of an eye, while leaving the capsular bag 
essentially intact, and implanting an intraocular frame comprising: an anterior 
frame element, a posterior frame element, and a resilient element for urging 
the anterior and posterior frame elements against the anterior and posterior 
inner wall, respectively, of the capsular bag when implanted therein, the frame 
being arranged for biasing the capsular bag towards the accommodating 
shape, and filling the capsular bag with a biocompatible material for replacing 
the natural lens tissue preferably substantially homogeneously. The thusly 
formed artificial lens enables natural-like accommodation. The opening or 
openings which has (have) to be made during the surgery for the removal of 
the natural lens and/or the insertion of the device or devices being implanted 
may be covered or closed with any known technique such as suturing, gluing, 
covering with a biocompatible material etc.

A suitable optical system for use with an embodiment of the present invention 
exhibits a varying focal power upon a relative rotation of the lenses. An effective 
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optical system may be realised with two or more appropriately formed varifocal 
lenses. 

According to an embodiment of the invention, a relatively straightforward 
method of determining the relevant shape of the lenses or determining relevant 
parameters therefor has been discovered. The result is a rather simple equation 
for the optimal shape of the lens profile. An accordingly shaped optical system 
exhibits a very large focussing range for a relatively small angular displacement. 
The change in focal length of the system in relation to the rotation may be 
determined to suit a particular purpose or use. 

According to an embodiment of the invention, two lenses may be formed 
to contain a profile to form a compound lens system, comprised of two or 
more individual lenses, with optical power P, wherein the power P is variable 
dependent on a rotation of both lenses by an angle, e.g. 2ν radians, with 
respect to each other, e.g. ν rad in mutually opposite directions with respect 
to a particular starting configuration, about a single axis which is situated a 
distance, e.g. y

0
, from the optical axis of the compound lens and which rotational 

axis is parallel to the optical axis. 

To determine a proper lens shape, consider two lenses extending essentially 
parallel to each other and perpendicular to an axis z. The thickness profile ∆z, 
i.e. the variation of the lens thickness in the direction z, as a function of position 
on the lens, of both lenses may be expressed using a parameter A with the 
dimension (mm rad)-1. The parameter A, which is an amplitude of the profile ∆z, 
determines a linear rate of optical power change with rotation ν. 
In cylindrical coordinates (r,ϕ,z) the thickness profile ∆z is given by: 

(1)  ∆z(r,ϕ) = -A ν {r2 cos2ϕ + (r sinϕ -y
0
)2}.

The thickness profile ∆z(r,ϕ) should preferably be symmetrical about a rotation 
over ν radians. Thus the function z(r,ϕ) describing the profile of the surface of 
each lens should obey:

(2)  ∆z(r,ϕ) = z(r,ϕ - ν) – z(r,ϕ + ν) 

Eq. (2) may be transformed by taking the Taylor approximation to first order of 
the thickness profile ∆z(r,ϕ) about ϕ for small ν. This yields:
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(3)  z(r,ϕ - ν) – z(r,ϕ + ν) = ∆z(r,ϕ) ≈ -2 ν dϕ{z(r,ϕ)}, 

wherein dϕ{z(r,ϕ)} indicates the partial derivative to ϕ of z(r,ϕ). Substituting 
Eqs. (1) and (2) into Eq. (3) and omitting constant terms results in the following 
differential equation:

(4)   dϕ{z(r,ϕ)} = ½ A (r2 cos2ϕ + r2 sin2ϕ - 2 y
0 

r sinϕ)
   = ½ A (r2 - 2 y

0 
r sinϕ)

Solving the differential equation (4) yields the following, rather simple profile 
equation z(r,ϕ) for the surface profile of each lens:

(5)  z(r,ϕ) = ½ A r2 ϕ + A y
0 

r cosϕ + E, 

wherein E is an integration constant. 
Eq. (5) may be extended with terms which superpose the surface profile z(r,ϕ) 
on another profile, but which do not influence the thickness variation ∆z(r,ϕ) 
with respect to this profile per se:

(6)  z(r,ϕ) = ½ A r2 ϕ + A y
0 

r cosϕ + B r + C r2 + D ϕ + E.

The parameters B, C, D and E in Eq. (6) may be used to optimise the lens profile, 
e.g. to minimise the total lens thickness and/or to optimise its optical quality.The 
above derivation of Eqs. (5) and (6), respectively, may be extended by including 
higher order terms of the Taylor expansion of Eq. (2), e.g. to further optimise the 
lens shape and reduce possible aberrations. To calculate a suitable value for A, 
it may be observed that the relation between the power of a parabolic thin 
lens and the curvature of its surface is generally defined as:

(7)  P = (n
2
 - n

1
) / R, 

wherein P is the power of the lens in dioptre (Dpt), n
1
, n

2
 are the indices of 

refraction of the lens material and the surrounding material, respectively, and 
R is the radius of curvature of the lens surface in millimetres. 

For a lens having a surface given by Eq. (5), the lens power may be chosen to 
vary with A 2ν, as indicated above. Thus the relation between the parameter A 
and the radius R of an equivalent spherical thin lens is given by: 
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(8)  R = (2 A ν)-1
.
 

Thus the lens power P(ν) as a function of the rotation of the lenses is given by:

(9)  P(ν) = P
0
 + 2 A (n

2
 - n

1
) ν

           = P
0
 + ∆P(ν), 

wherein P
0
 is the lens power for a default configuration with ν = ν

0
 rad mutual 

rotation between the lenses. Preferably, ν
0
 = 0 rad. Conversely, for designing a 

particular compound lens the value of A may be chosen from:

(10)  A    =  {P(ν) - P
0
} / {2 (n

2
 - n

1
) (ν - ν

0
)} 

          =  ∆P(ν) / {2 (n
2
 - n

1
) ∆ν}, 

and substituting appropriate values for the intended purpose of the lens 
system.
For optical systems wherein the lens power is given by another equation 
than Eq. (8), the derivation of an expression for P(ν) and A may be performed 
analogously. The parameter A need not be linear but may in itself also be a 
function of one or more variables A(r,ϕ,z), dependent on the choice of the 
variation of the lens power P with relative displacement of the lenses P(r,ϕ,z). 
A convex-convex lens may have outer surfaces with a parabolic shape. For a 
compound parabolic accommodating lens according to an embodiment of 
the invention, the four surfaces are given by the following equations (cf. Eq. 
(6)): 

(11)  z
3
 = ½ C

3
 r2 – C

3
 y

0 
r sinϕ + E

3
.

(12)  z
4
 = ½ A r2 ϕ + A y

0 
r cosϕ + B

4
 r + C

4
 r2 + D

4
 ϕ + E

4
.

(13)  z
5
 = ½ A r2 ϕ + A y

0 
r cosϕ + B

5
 r + C

5
 r2 + D

5
 ϕ + E

5
.

(14)  z
6 

= ½ C
6
 r2 - C

6
 y

0 
r sinϕ + E

6

wherein the surfaces of the lenses are identified with the numerals 3 (anterior 
surface of the anterior lens), 4 (posterior surface of the anterior lens), 5 (anterior 
surface of the posterior lens) and 6 (posterior surface of the posterior lens). 
B

4
, C

4
 and D

4
 should be equal to B

5
, C

5
 and D

5
, respectively for a cancelling of 

the thickness variation in a default position, preferably at ν = ν
0
 = 0, and for 
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ensuring a linear and consistent effect of the rotation. The values E
1-6

 represent 
the positions of the respective surfaces. In the case that z

4
 and z

5
 are formed 

so that their focussing effects cancel at a rotation angle of ν = ν
0
 = 0, z

3
 and 

z
6 

determine the default lens power. z
3
 and z

6
 are mainly

 
determined by the 

values of C
3
 and C

6
. For a symmetric lens having a mid-plane at z = 0, z

3
 and z

6
 

are mirror images with C
3
 = -C

6
 and E

3
 = -E

6
. Preferably C

3
 = -C

6
 = ½ R (cf. Eqs. 

(7) and (8)). Such an optical system may be used for any purpose where an 
adjustable focal lens shift is desired, inter alia for cameras, telescopes etc. A 
benefit is that a substantial change in focal length may be achieved by simply 
rotating one or two lenses in one plane. This requires substantially less energy 
and space than displacing a lens over appreciable distances along the optical 
axis of an optical system, as with telescopes known in the art. Further, each 
rotating lens may be attached to a single common axis, allowing a proper and 
reliable relative orientation essentially throughout the entire focussing range.

As an example, for calculating and optimising a compound lens according to 
an embodiment of the invention for use as an intraocular lens in a human eye, 
the values according to the following Table 1 may be used: 

Base refraction at accommodation, P
0

32 Dpt

Refraction at emmetropy, P
emm

24 Dpt

Diameter of each lens 5.5 mm

Offset between optical/rotational axes, y
0

3.5 mm

Rotation for accommodation, per lens, �
acc

 
±0.10 rad 
= ±5.7o

Refractive index of aqueous humor, n
1

1.336

Refractive index of lens material PMMA, n
2

1.498

Table 1: values for calculating an intraocular accommodating lens. 

Substituting the values of Table 1 in Eq. (10) it can be found that the optical 
system exhibits the desired accommodation scope ∆P(∆ν = 0.10 rad) = 8 Dpt 
for A = 0.247.

An optical system with the optimum combination of minimum lens thickness 
and best optical quality may be obtained by inserting the values for A and for 
y

0
 into Eqs. (11)-(14), taking C

3
 = -C

6
 = ½ R, and optimising the other parameters, 

which may be done numerically. A suitable result is summarised in the following 
Table 2: 
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The surfaces z
3
 and z

6
 may also be shaped to provide a non-rotationally 

symmetric compound lens, e.g. for the correction of astigmatism, to reduce 
spherical aberration of the compound lens and/or improve off-axis optical 
performance of an accommodative intra-ocular lens. 
The thickness profile ∆z(r,ϕ) of an aspheric lens may be described by the 
following conic of revolution: 

(15)  ∆z(r,ϕ) = - c r2 / {1 + (1 – k c2 r2)½}, 

wherein c represents the curvature of an equivalent thin lens. The asphericity 
of the surface is expressed by the conic constant k which indicates the change 
in gradient of the surface (k < 1: reducing gradient, flattening; k > 1 increasing 
gradient, becoming steeper) with distance from the apex. k thus indicates the 
degree to which an aspheric thin lens differs from the equivalent spherical 
form. Depending on the value of k, the lens surface is a hyperboloid for k < 0, a 
paraboloid for k = 0, a prolate ellipsoid for 0 < k < 1, a sphere for k = 1, and an 
oblate spheroid for k > 1. Using a Taylor approximation to the fourth order of 
Eq. (15) the following expression is obtained:

(16)  ∆z(r,ϕ) = - ½ c r2 – k/8 c3 r4.

Eq. (16) and the differential equation Eq. (4) may be combined as indicated 
above. 

Y
0

3.5 mm

A 0.247 / mm rad

B
4
 = B

5
0

C
3
 = -C

6
0.0988 / mm

C
4
 = C

5
-0.1940 mm

D
4
 = D

5
1.0142 mm / rad

E
3
 = -E

6
-0.25 mm

E
4

-1.82 mm

E
5

-1.35 mm

Table 2: overview of suitable parameters for an 
accommodating intraocular lens according to an aspect of 
the invention.
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Using a thickness profile with variable power according to c = 2 A ν and a conic 
constant k the following relatively straightforward analytical expression, which 
contains the parameters A, y

0
 and k, is obtained for the profile z(r, ϕ):

(17) z(r,ϕ) = ½ A r2 ϕ + A r y
0
 cosϕ 

  + ½ A3 k ϕ r4 + 2 A3 k ϕ r2 y
0

2 + ½ A3 k ϕ y
0

4

  + 2 A3 k r3 y
0
 cosϕ + 2 A3 k r y

0
3 cosϕ 

  - ½ A3 k r2 y
0

2 sin2ϕ + E.

It should be noted that the effective asphericity of the compound lens is 
dependent on the amount of rotation ν. The surface profile in (17) may be 
extended with higher order terms for minimising thickness and optimising 
optical quality of the individual lenses and the compound lens.

The invention will hereafter be explained in more detail with reference to the 
figures which show presently preferred embodiments by way of example.

DETAILED DESCRIPTION OF EMBODIMENTS
Figs. 1A-6B show a schematic cross-section of a part of a human eye, which is 
substantially rotationally symmetric about the optical axis OA. The top side of 
the figures is the front or anterior side of the eye (marked “Ant.” in Figs. 1A, 1B), 
the bottom side is the rear or posterior side (marked “Post.” in Figs. 1A, 1B).  Figs. 
1A-6B show the ciliary muscle 1, the zonulae 2 and the capsular bag 3. A frame 
4 is implanted in the capsular bag 3. The zonulae 2 are attached to the ciliary 
muscle 1 and the capsular bag 3 and connect these. 

The zonulae 2 are attached to the capsular bag 3 around its equatorial rim, 
which extends along the surface of the capsular bag for approximately 2.5 
mm anterior and posterior of the equatorial plane of the capsular bag 3 with 
respect to the optical axis OA. The equatorial plane is spanned by the line of 
maximum girth of the capsular bag 3 and the ciliary muscle 1. The frame 4 as 
shown comprises an anterior frame element 5, a posterior frame element 6, 
two resilient elements 7, and two connecting elements 8 which connect the 
anterior and posterior frame elements 5, 6. The anterior and posterior parts of 
the connecting elements 8 are movable with respect to each other, in Figs. 1A-
1B schematically indicated with rotational or flexible joints 9.

The connecting elements 8 may be integrated with the resilient elements 7, as 



Accommodating intraocular lens patent application

169

shown in the embodiments shown in Figs. 2A-13. In the shown embodiments 
the upper and lower arms of the connecting elements 8 deflect away from 
one another along the optical axis OA. When the ciliary muscle 1 is relaxed, the 
zonulae 2 are stretched taut and pull on the capsular bag 3, as shown in Fig. 1A. 
When the ciliary muscle 1 is tensioned, it contracts so that its diameter reduces 
and the capsular bag 3 may expand along the optical axis OA, as shown in Fig 
1B.

In a natural eye the resiliency of the lens is essentially provided by the lens tissue. 
Upon removal of the lens tissue this resiliency is substantially lost. According 
to the invention, this loss is at least partially compensated by the resiliency of 
the frame 4.  The resilient elements 7 urge the anterior and posterior frame 
elements 5, 6 against the anterior and posterior wall portions of the capsular 
bag 3 with sufficient force to bias the capsular bag 3 to an accommodating 
shape upon contraction of the ciliary muscle 1. However, the force produced 

Figs. 1A and 1B show a schematic cross-section of a frame and its operation accor-
ding to an aspect of the invention implanted into the capsular bag of a human eye 
in both in accommodated and in desaccommodated state
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by the resilient element 7 is sufficiently weak such that the capsular bag 3 
and the frame 4 can be flattened upon relaxation of the ciliary muscle 1 (as 
seen in Fig. 1A).  The resilient elements 7 may be formed of any kind of resilient 
material, including massive rods or hollow tubes, or plastic or metallic springs. 
For implantation in an eye the elements should be formed biocompatible, e.g. 
by the material properties themselves or by being coated with a biocompatible 
material etc. The other parts of the frame may be formed analogously. In some 
embodiments the function of the resilient elements 7 is incorporated into the 
connecting elements 8. In such embodiments a separate resilient element 7 
may be eliminated.

The edges of the anterior and posterior frame elements 5, 6 are provided with a 
sharp edge along the rim forming the contact region of the frame element 5, 6 
with the inner wall of the capsular bag 3, serving to obstruct cellular migration 
across the inner wall of the capsular bag 3 into the interior of the rim of the 
frame elements 5, 6.

In operation, tension in the zonulae 2 relaxes upon a contraction of the ciliary 
muscle 1 and the frame 4 biases the capsular bag 3 to the accommodating 
shape, as indicated with arrows in Fig. 1B. Thus, the anterior and posterior frame 
elements 5, 6 undergo a first displacement in a direction substantially along the 
optical axis OA. This causes a second displacement of the connecting elements 
8 in the form of a stretching, whereby the joints 9 are displaced substantially 
perpendicular to the optical axis OA, as indicated with arrows in Fig. 1B. The 
displacements of different points along the connecting elements 8 comprise 
different contributions along and perpendicular to the optical axis OA. The 
actual displacement of each point depends on the actual shape and possible 
resiliency of the connecting elements 9. 

The natural human eye lens is asymmetrical; the anterior half is flatter than the 
posterior half with respect to the equatorial plane. Correspondingly, the joints 
9 may be positioned offset from the middle of the connecting elements 8, or 
the resiliency of a resilient element 7 may vary along its length. 

In order to implant a frame 4 into the capsular bag 3 of an eye, the capsular 
bag 3 has to be opened to form an opening 11. This opening 11, also called 
rhexis, should be sufficiently large so that the frame 4 may be inserted into 
the capsular bag 3, yet be as small as possible to avoid complications such as 
ruptures, scarring etc. 
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Figs. 2A-4 show that the rhexis 11 may be closed by in any suitable way known 
in the art such as suturing or gluing  by an artificial plug 12 (Figs. 2A, 2B; plug 
not drawn to scale) or by a, preferably flexible, window 13 (Figs. 3, 4).  The closure 
of the rhexis 11 may serve to assist maintaining integrity of the capsular bag 3 
and/or to maintain the contents of the capsular bag 3 therein. These contents 
may be aqueous humor, an artificial biocompatible lens material emulating 
natural lens tissue or even the natural lens tissue. The effective resiliency of the 
frame 4, which may be expressed as a spring constant C

s
, may be configured to 

equal that of a healthy, young natural lens. 
 
In case the refraction of the contents is insufficient for proper accommodation, 
the window 13 may be provided or integrated with a lens 14, as shown in the 
particular embodiment of Fig. 4. It is, however, preferred that the rhexis 11 be 
left open at least partially to allow the exchange of aqueous humor between 
the anterior chamber of the eye and the inside of the capsular bag 3. E.g. the 
plug 12 of Fig. 2 may be designed to allow aqueous humor to pass but to 
maintain a less-fluid implanted lens material inside the capsular bag 3. Further, 
an open rhexis allows to equate the interior pressure of the anterior chamber 
and the capsular bag during accommodation and desaccommodation. 

In the art it is known to excise a window from the anterior wall of the capsular 
bag 3, in order to allow an essentially unobstructed flow of aqueous humor 
through the capsular bag 3 which is thought to help prevent cell growth and 
scarring of the wall of the capsular bag 3, as discussed supra. When using a frame 
4 according to an embodiment of the invention, the reversible deformation of 
the capsular bag 3 by the action of the ciliary muscle is maintained, causing the 
aqueous humor to flow and be exchanged due to a pumping effect.

The tissue forming the rim of the rhexis, especially in case of one with a rather 
large diameter, may become rather flabby which may influence the behaviour 
of the capsular bag. This may be prevented to a relatively large extent by 
attaching the rim of the rhexis 11 to the anterior frame element by any suitable 
technique, such as gluing, suturing, stapling, clamping or clasping etc. An 
additional element or ring outside the capsular bag may be provided for this 
purpose. Similarly, a rhexis window 13, 14 may be attached to the frame, both 
with and without also affixing the capsular bag tissue at the same time.

Figs. 5A-5B show an embodiment of an intraocular lens (hereinafter also referred 
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to as “IOL”) 15, comprising a frame 4 and a reversibly deformable lens 16. The 
lens 16 is attached to the joints 9 of at least two connecting elements 8 of the 
frame 4 by means of one or more artificial zonulae 17. The lens 16 is resilient and 
preferably has a relaxed shape which is strongly curved or essentially spherical, 
similar to that of a natural lens. It is equally conceivable to realise the lens 16 
as a bag containing a reversibly deformable material such as a material of a 
resilient, visco-elastic, fluid or even gaseous nature. The connecting elements 8 
may be resilient or not. In this latter configuration the resilient properties of the 
IOL 15 as a whole may be derived from the resiliency of the lens 16. 

In operation the action of the ciliary muscle 1 on the capsular bag 3 is transmitted 
to the IOL 15, and via the frame 4 thereof to the lens 16. Conversely, the forces 
caused by the resiliency of the lens 16 and/or other elements of the IOL 15 are 
conveyed to the capsular bag and urge it towards accommodation (Fig. 5B). 

Figs. 2A and 2B show a schematic cross-section of the frame implanted into a capsular 
bag according to Figs. 1A, 1B wherein the capsular bag is provided with a plug to 
close a rhexis
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Thus, an accommodating IOL is provided which emulates the operation of a 
natural lens. The lens 16 is free from contact with a wall of the capsular bag 3, 
so that all surfaces may be rinsed by the aqueous humor.

Figs. 6A and 6B show a schematic view of an embodiment of an IOL 15 provided 
with an reversibly deformable compound lens 18 attached to a frame 4. The 
lens 18 is an optical system 18 comprising two optical elements, in the form of 
two varifocal lenses 19, 20 which are movable with respect to each other. 

In operation the action of the ciliary muscle 1 on the capsular bag 3 is 
transmitted to the IOL 15, and via the frame 4 thereof to the optical system 
18, such that the lenses 19 and 20 are displaced with respect to each other. 
In the shown embodiment, the lenses 19, 20 substantially fully overlap in 
the accommodating position Fig 6B and are displaced with respect to each 
other when the ciliary muscle 1 is relaxed (Fig. 6A). The opposite situation of 
overlapping lenses 19, 20 for a relaxed ciliary muscle 1 and displaced lenses for 
accommodation, or any other overlapping or non-overlapping arrangement 
may be constructed equivalently.

In the shown embodiment, the centres of both lenses 19, 20 are symmetrically 
offset from the optical axis for a relaxed ciliary muscle (Fig. 6A). Asymmetric 
displacement is also possible, e.g. by mounting only one lens movable to a 
connecting element 8 of the frame 4, by attaching both lenses to the same 

Fig. 3 shows a schematic cross-section of the frame implanted into a capsular bag 
according to Figs. 1A, 1B, wherein the capsular bag is provided with a window to 
close a rhexis
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connecting element 8 or to parts of connecting element 8 exhibiting different 
displacement paths. The lenses 19, 20 may be formed according to Eqs. (11)-
(14) with the parameters of Tables 1 and 2, but other shapes or other optical 
objects are also possible. 

Figs. 7 and 8 show a side view and a front view, i.e. seen on the anterior side, of 
a preferred embodiment of an IOL 21. The operation of the IOL is according to 
the principle indicated in Fig. 6. The IOL 21 comprises a frame 22 and an optical 
system 23. The frame 22 comprises an anterior frame element 24, a posterior 
frame element 25, first and second resilient connecting elements 26A, 26B 
to each of which haptics 27, 28 are attached. The first and second resilient 

Fig. 4 shows a schematic cross-section of the frame implanted into a capsular bag 
provided with a window according to Fig. 3, wherein the window is provided with an 
additional lens

connecting elements 26A, 26B deflect radially outward, relative to a straight 
connection between the anterior and posterior frame elements 24, 25, by being 
bent. The optical system 23 comprises a compound lens 29 in turn comprising 
two varifocal lenses 29A, 29B. The lenses 29A, 29B are each attached to the first 
or second connecting element 26A, 26B, by means of a connecting arm 30A, 
30B, respectively. The arms 30A, 30B are attached to the resilient connecting 
elements 26A, 26B at the position of their maximum outward deflection. The 
arms 30A, 30B extend essentially radially with respect to the symmetry axis of 
the lens 29 and the frame 22 and are formed flexible and/or resilient. The optical 
system 23 further comprises an interconnection 31 for mutually movably 
interconnecting the lenses 29A, 29B. The interconnection 31 comprises arms 
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32A, 32B which are connected to each lens 29A, 29B, respectively, and which 
are joined at joint 33. The interconnection 31 provides additional stability to 
the relative position of the lenses 29A, 29B, inter alia to prevent the lenses 
from touching each other. The interconnection 31 further provides a centre 
of rotation, at the joint 33, for the rotation of the individual optical elements 
29A, 29B with respect to each other. The axis of rotation is substantially parallel 
to the optical axis of the optical system 23. The joint 33 may be formed in any 
suitable manner, e.g. be the result of the entire optical system 23 or the entire 
IOL 21 being a monolithic object. The joint may also be formed as a glued or 
welded connection or be a hinge etc. In the embodiment shown in Figs. 7, 8, the 
interconnection 31, and thus the joint 33, is formed as a monolithic element, 
attached to the lenses 29A, 29B. Here, the interconnection 31 also forms a 
resilient element for providing a restoring force for urging the elements of the 
optical system 23 to a default configuration. The default position of the IOL 21 
as a whole, in the absence of external forces, depends on the interaction of all 

Figs. 5A and 5B show a schematic cross-section of a deformable intraocular lens 
attached to a frame and implanted into a capsular bag according to Figs. 1A, 1B
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its elements under the influence of the different resilient elements 26A, 26B, 31. 
In the shown embodiment the lenses 29A, 29B are substantially overlapping 
(Figs 7, 8). In this position the compound lens 29 preferably has a lens power of 
approximately 32 Dpt, for providing a focal length for nearby vision.

Preferably, the IOL 21 is arranged or implanted such that the symmetry axis 
of the frame and the optical axis of the optical system 23 coincide with the 
optical axis of the eye, and the points or regions of bending or flexing of the 
connecting elements 26A, 26B lie in the equatorial plane of the capsular bag. 
The connecting elements 26A, 26B are thus asymmetric with respect to the 
equatorial plane.

Figs. 6A and 6B show a schematic cross-section of a deformable intraocular lens system 
attached to a frame and implanted into a capsular bag according to Figs. 1A, 1B
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To account on the one hand for the asymmetry of the capsular bag of a human 
eye with respect to the equatorial plane and on the other hand for the desired 
symmetry of the relative displacement of the lenses 29A, 29B, the posterior 
sections of the resilient connecting elements 26A, 26B, are provided with 
reinforcements 34A, 34B, respectively. The reinforcements 34A, 34B counteract 
the fact that in this embodiment the posterior sections of the resilient elements 
26A, 26B are longer than the anterior sections thereof, which would naturally 
lead to a relatively weaker spring force of the posterior section.

The haptics 27, 28 are provided for further assisting the positioning of the IOL 21 
into the capsular bag of an eye, relative to the equatorial plane and the optical 
axis of both the eye and the IOL 21, and for assisting the maintenance of that 
position after implantation. The haptics 27, 28 are arranged for gently pressing 
against the equatorial rim of the capsular bag, preferably just sufficiently 
strong to maintain the position of the IOL 21, but weak enough not to tension 
or stretch the capsular bag. 

Fig. 7 shows a perspective side view of an embodiment of an intraocular lens according 
to the invention
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The resiliency, shape and/or structural strength of each element of the IOL 21, 
including the lenses 29A, 29B, may be adaptable, e.g., by removal of material 
to locally disassemble parts or to weaken or lighten the structure, if so desired. 
Thus, the forces acting on the capsular bag may be tuned.

Figs. 9, 11 and 12 show different side views of a second preferred embodiment 
of an IOL 21. Fig. 10 shows a rear view of this embodiment, i.e. the IOL 21 is 
shown from the posterior side. In Figs. 7, 8 and 9-12 substantially equivalent 
elements are indicated with the same reference numerals.

The first and second connecting elements 26A, 26B of the frame 22 are resilient. 
The four resilient elements 26A, 26B, 35, 36 are configured for urging the 
anterior and posterior frame elements 24, 25 against the anterior and posterior 
inner wall, respectively, of the capsular bag of an eye when implanted therein.
The resiliency of the individual resilient elements 26A, 26B, 35, 36 and the 
interconnection 31 is preferably chosen or adapted to result in a substantially 
axial symmetric spring force on the anterior and posterior frame elements 24, 
25 upon compression thereof, and thus on the anterior and posterior walls of 
the capsular bag of an eye when the IOL 21 is implanted therein. Preferably, 

Fig. 8 shows a front view along the optical axis of the embodiment of Fig. 7
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the IOL 21 is arranged or implanted such that the symmetry axis of the force 
coincides with the optical axis of the eye, and the points or regions of bending 
or flexing of the resilient elements 26A, 26B, 35, 36 lie all in the equatorial plane 
of the capsular bag. These aspects may be designed and/or adjusted by the 
dimensions of the parts of the IOL 21, e.g. with the reinforcements 34A, 34B, 38, 
39 on the resilient elements 26A, 26B, 35, 36. The interior edge of the anterior 
and posterior frame elements 24, 25 are formed as sharp rims 40, 41 for urging 
into the wall of the capsular bag, to obstruct cellular migration thereunder.

In the second embodiment of Figs. 9-12, the frame 22 comprises two resilient 
connecting elements 26A, 26B, to which the optical system 23 is attached, 
and two additional resilient elements 34, 35, which are only attached to the 
anterior and posterior frame elements 24, 25 and to which the optical system 
23 is not attached. This embodiment does not comprise haptics. Each lens 29A, 
29B of this embodiment is further provided with a stop 37A, 37B, respectively, 
the function of which will be explained below.In the shown embodiment, the 
joint 33 of the interconnection 31 between the lenses 29A, 29B is formed by 
a fitting connection between the arms 32A, 32B by a peg 33A of essentially 
square cross-section in a matching hole 33B. The arms 30A, 30B are attached to 
the connecting elements 26A, 26B in a similar peg-in-hole fashion with a tight 
fit. This connection may be glued, welded or affixed in any suitable manner if 
necessary. Thus, the IOL is formed as a kit of parts for facilitating fabrication 
and implantation of the separate components, viz. the frame, the anterior lens 
and the posterior lens. However, the IOL may be formed and implanted in more 
or less separate parts or as a single monolithic object.The interconnection 31 
forms a resilient element for providing a restoring force for urging each lens 
29A, 29B away from each other. Thus, in this second embodiment the lenses 
29A, 29B are rotated with respect to each other in the default configuration of 
absence of external forces, which is shown in Figs. 9-12. In this default position 
the compound lens 29 has a short focal length (high focal power) for nearby 
vision. In this embodiment, the arms 30A, 30B which connect the optical 
system 23 to the frame 22 are formed resilient and are arranged non-radially. 
The arms 30A, 30B are attached to the lenses 29A, 29B such that the essential 
radial pulling force F1 (see Fig. 10) of the connecting elements 26A, 26B on the 
arms 30A, 30B causes, in combination with the effective axis of rotation of the 
interconnection 31, an effective displacement force F2 on the lenses 29A, 29B 
(see Fig. 10) which is essentially parallel to this radial pulling force F1. The force 
F2 thus has components both radial and tangential to the axis of symmetry 
of the frame and/or the entire IOL. As a consequence of this arrangement a 
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variation in the deflection of the connecting elements 26A, 26B is mapped to 
a relative displacement of the lenses 29A, 29B. The arrangement is preferably 
such that the mapping is unitarily, i.e. the displacement of the apex of the 
connecting elements 26A, 26B is equal to that of the lenses 29A, 29B. This 
facilitates calculating and optimising the behaviour of the IOL.

A further effect of such an arrangement is that the optical axis of the compound 
lens 29 may remain essentially immobile with respect to the frame upon a 
rotation of the lenses 29A, 29B. When implanted in the capsular bag of an eye, 
a relative displacement of the anterior and posterior frame elements 24, 25 
towards each other causes a pulling on the lenses 29A, 29B along the arrow 
F2, resulting in the lenses 29A, 29B the to be displaced towards an overlapping 
configuration. Further displacement beyond overlapping is arrested by the 
lenses 29A, 29B engaging the stops 37B, 37A on the other lens 29B, 29A, 

Fig. 9 shows a perspective side view of another embodiment of an intraocular lens 
according to the invention
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respectively. Thus a default configuration is determined. 

The arrangement of the arms 30A, 30B also allows a decoupling of the frame 22 
and the optical system 23 in the following sense: when the optical system 23 is 
urged in the default configuration with the lenses 29A, 29B engaging the stops 
37B, 37A, further approaching of the anterior and posterior frame elements 24, 
25 is enabled since a resulting displacement of the connecting elements 26A, 
26B is absorbed by the resilient deformation of the arms 30A, 30B. Thus, the 
overlapping default configuration of the compound lens 29 may be achieved 
and maintained, whereas the frame 22 may still absorb a force by the capsular 
bag. This second default configuration may be realised when the IOL 21 is 
implanted in the capsular bag 3 of an eye wherein the ciliary muscle 1 is fully 
relaxed.  In this second default configuration, which is essentially defined by 
the combination of the IOL 21 and the eye of the patient, the focal power of 
the lens 29 is preferably such that the eye is emmetropic. Since the details of 
each human eye are different, the IOL 21 may be adjustable to achieve this. 
Adjustments may be made by exchanging or reshaping (one of ) the lenses 
29A, 29B. 

Further, the force balance of the IOL 21 may be adjusted, e.g. by locally removing 
or ablating material from the interconnection 31, the arms 30A, 30B, the 
connecting elements 26A, 26B and/or the resilient elements 35, 36. An IOL 21 
which is implanted in an eye is considered optimally tuned when the effective 
forces on the lenses 29A, 29B are set such that with a fully relaxed ciliary muscle 
the lenses 29A, 29B are just pulled free from the stops 37B, 37A. 

The distance for proper focussing at nearby objects (full accommodation), 
e.g. for reading fine print or for detecting splinters in the skin, may generally 
be established at 10 cm from the eye. This corresponds to an effective focal 
power of the lens of at full accommodation of P

acc
 ≈

 
P

0
 ≈ 32 Dpt. Emmetropy is 

generally achieved for P
emm

 ≈ 24 Dpt. The optical system may be designed, set 
to or adjusted to default configurations according to these values.

Preferably, the diameter of the optical system or of the lens, whether or not 
a compound lens, is chosen such that the edges thereof are shielded by the 
iris such that distorted vision and aberrations such as coma and glare, e.g. 
from oncoming traffic, are minimised. A suitable lens diameter for an average 
human adult is approximately 5.5 mm. A suitable distance between the optical 
axis of such a lens and the centre of rotation in the case of the IOL 21 of Figs 
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6-12 is 3.5 mm. These sizes may of course be adapted to suit the individual to 
be treated. The IOL 21 may also be sized such that the interconnection 31 or 
other elements accessible from the outside by optical means such as a laser 
through the pupil when the iris has its maximum diameter. This allows the IOL 
21 to be adjusted. 

The different configurations of the connecting arms 30A, 30B also at least 
partially determine the actual path of the displacement of the lenses 29A, 
29B, and therewith a possible displacement of the effective optical axis of 
the compound lens 29, as discussed above for the embodiment of Figs 9-12. 
E.g., for the IOL 21 according to Figs. 7, 8, and according to Eqs. 11-14 with the 
values of Tables 1 and 2, the deformation of the optical system 23 for a relative 
rotation of the lenses 29A, 29B of 0.10 rad, causes the rotational axis through 

Fig. 10 shows a rear view of the intraocular lens of Fig. 9
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the joint 33 to move towards the symmetry axis of the frame 22. This causes 
an effective displacement of the optical axis of the compound lens 29 of just 
under 40 micron. This is considered acceptable for human use. 

Due to the fact that the arrangement of the arms 30A, 30B of the embodiment 
of an equivalent IOL 21 according to Figs. 9-12 also cause a displacement with a 
tangential component, the displacement of the optical axis between 0 and 0.10 
rad rotation is below 10 micron, which is not noticeable for most patients. 
Fig. 13 shows a third embodiment of an intraocular lens, which is significantly 
simpler in construction than the previous embodiments. 

The IOL 42 comprises a frame 43 and an optical system 44. The frame 43 
comprises two frames halves 43A and 43B, respectively. Each frame half 43A, 
43B comprises an anterior frame element 45A, 45B, respectively, and a posterior 

Fig. 11 shows a perspective side view from another angle of the intraocular lens 
of Fig. 9
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frame element 46A, 46B, respectively, which are connected by resilient 
connecting elements 47A, 47B, respectively. The frame halves 43A, 43B may 
be interconnected by additional elements, e.g. forming a ring or a differently 
shaped closed rim as in the embodiments discussed before. 

The optical system 44 comprises a compound lens 48, comprising varifocal 
lenses 48A and 48B, respectively. The lenses 48A, 48B are mutually movable 
connected through interconnection 49. The joint 50 of the interconnection 49 
is shaped as a rotatable hinge 50 but may be of any suitable construction. 

The resilient connecting elements 47A, 47B of the frame 43 are veered towards 
the optical axes of the eye and the compound lens 48, respectively. The 
elements 47A, 47B are connected directly to the lenses 48A, 48B, respectively, 

Fig. 12 shows a perspective side view from yet another angle of the intraocular lens of 
Fig. 9
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at the point of their maximum deflection from a straight connection. In Fig. 
13 the connection is relatively broad, but a narrower connection or multiple 
connections at several positions are also conceivable. Further, a movable 
connection such as a hinge or a flexible joint may be applied for allowing relative 
rotations between a frame half 43A, 43B and a lens 48A, 48B. When implanted 
into the capsular bag of an eye, the reshaping of the capsular bag as a result 
of the action of the ciliary muscle may compress the frame 43 substantially 
parallel to the optical axis of the eye. This, opposite to the previously discussed 
embodiments causes the lenses 48A, 48B to be pressed, rather than pulled, 
towards another. 

In the embodiment of Fig. 13 the lenses may be provided with stops for 
determining a default configuration of the optical system for emmetropy. Yet, 
in the embodiment shown in Fig. 13 with separate frame halves 43A, 43B, the 
default configuration may be adjusted by simply repositioning the frames 
halves with respect to each other inside the capsular bag. Preferably, after such 
adjustment the frame halves 43A, 43B are attached or affixed to the capsular 
bag and/or to each other for additional stability, security of the position and/or 
reproducibility of the relative motion and thus of the optical properties of the 
IOL 42.

Fig. 13 shows yet another embodiment of an intraocular lens according to the 
invention
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The IOL 42 may also be provided as a kit of separate parts to be assembled 
prior or during operation, similar to the embodiments discussed above.

A frame 4, 22 and/or an IOL 15, 21, 42 or any element thereof may be formed 
from one or more flexible or resilient materials so that it may be compressed, 
folded or rolled to a shape with a smaller cross-section than its natural shape. 
Thus the object may be inserted in the capsular bag 3 through a relatively small 
rhexis. The material may also be a somewhat gelatinous substance which sets 
to a firmer material under reaction with the aqueous humor, when exposed to 
body temperature or when irradiated with an appropriate wavelength, such as 
infrared or ultraviolet radiation, etc. Such radiation may be delivered by laser, 
which also allows to provide local variations in the properties of the material. 
Laser irradiation may also be used to weld or even ablate material so as to 
assemble or adjust optical or generally structural elements and/or properties 
thereof. A frame 4 and/or an IOL 15, 21, 42 and/or elements thereof may be 
provided implantation-ready or as a kit of parts to be assembled. Such, and 
different, materials and procedures which may be performed prior, during or 
after insertion into an eye are generally known in the art.

In the shown embodiments the anterior and posterior frame elements 5, 6;24, 25 
are annularly shaped, but may have any desired shape. It is, however, preferred 
that they are symmetrical, to provide a homogenous force distribution on the 
capsular bag and to prevent it from damage.

Figs. 14, 15 and 16 show the results of simulations, using commercially 
available ray-tracing and finite-element modelling software packets, of an 
IOL 21 according to the embodiment of Figs. 7-8 of the present invention. The 
simulated optical system consisted of two varifocal lenses shaped according 
to Eqs. (11)-(14) and using the values of Tables 1 and 2 supra.  Fig. 14 shows that 
indeed a substantially linear relation may be achieved between the relative 
rotation of the lenses and the resulting focal power. Fig. 15 shows the result of 
modelling the effect of the net force exerted by the zonulae on the capsular 
bag, integrated around the circumference of the equatorial rim on the focal 
power of the IOL 21. The linear behaviour of Fig. 15 is the result of the fact 
that the entire IOL effectively acts as a single resilient element with a single 
effective spring constant of the system C

s
. Thus, the displacement of the lenses, 

and thus the optical power change, is also linear with the force F exerted on the 
system, according to the spring equation F = -C

s 
U, wherein U is the amplitude 

of the extension (positive sign) or compression (negative sign) of the spring. 
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For this simulation the spring constant of the system is set to C
s
 = 70 mN/

rad = 12.3 mN/o rotation per lens or C
s
 = 242 mN/mm displacement per lens, 

relative to the frame. A stiffer IOL may have a higher spring constant C
s
, e.g. 

approx. 0.08 N/(full accommodation) which is considered a suitable value for 
use in a human eye. The spring constant may be set by the material properties 
and the dimensions of the IOL or particular elements thereof. The resiliency of 
the capsular bag may be neglected.

The approximation of a constant value for the effective spring constant of 
the entire system of frame 22 and optical system 23 is valid in the region of 
elastically deforming and freely movable optical elements, thus as long as 
the lenses 29A, 29B are free from contact with any stops and/or each other.
The actual values for an effective spring constant or other relevant numerical 
parameters, such as sizes, weights, focal length etc. depend on the materials 
and structures used.

Fig. 16 shows the resolving power of the simulated compound lens 29 for 0o 
relative rotation, i.e. for overlapping lenses and the optimum lens power of 
32 Dpt. For this, the modulation transfer function of the lenses is calculated. 
The modulation transfer function is a measure of the resolving power of an 
optical system observing an array of adjacent parallel sharp-edged black and 

Fig. 14 shows a graph of the simulated lens power vs. the rotation angle of the lenses 
of a lens system according to an embodiment of the invention



188

Chapter 8

white stripes with a particular spatial frequency, and is given by 

(18)  MTF = (I
black

 - I
white

) / (I
black

 + I
white

) 

wherein I
x
 is the perceived intensity of the colour “X” at the detector. MTF = 1 

equals perfect resolving power (individual black and white stripes are crisply 
detected), MTF = 0 equals no resolving power; the array is perceived as a 
substantially homogeneously grey surface. As may be seen in Fig. 16 the lens 
performs better than a generally desired benchmark of at least MTF > 0.4 for 
f

spatial
 = 100 cycles/mm. 

Figs. 17 and 18 show another embodiment of an IOL, which is similar to 
that of Figs. 9-12 in both its basic construction and its functionality. The IOL 
51 comprises a frame 52 and an optical system 53. The frame 52 comprises 
individual frame parts 52A and 52B, comprising an anterior frame element 
52A’ and a posterior frame element 52B’, respectively, and having connecting 
elements 54. The connecting elements 54 comprise portions 54A, 54B being 

Fig. 15 shows a graph of the simulated lens power vs. the exerted force on the lenses by 
the ciliary muscle of a lens system according to an embodiment of the invention
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part of the anterior or posterior frame parts 52A, 52B, respectively. The frame 
parts 52A and 52B are provided with a central opening and with a relatively 
sharp edge for hindering cell migration etc. The frame may be sized to remain 
free from the equatorial rim or to engage it. The optical system 53 comprises a 
compound lens 55 in turn comprising two individual varifocal lenses 55A, 55B. 
Fig. 18 shows the IOL 51 from another view angle than Fig. 17 and without 
the upper frame half 52A for clarity. The lenses 55A, 55B are each attached 
to a connecting element 54 by a connecting arm 56A, 56B. The lenses 55A, 
55B are mutually rotatingly attached to each other by arms 57A, 57B at an 
interconnection joint 57. As in the embodiments described above, the frame 
52 is arranged for converting a first displacement of the anterior and posterior 

Fig. 16 shows a graph of the simulated modulation transfer function of a lens system 
according to an embodiment of the invention
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frame elements 52A’, 52B’ essentially towards or away from each other, and thus 
towards or away from the centre of the frame 52, into a second displacement 
of (the joints 58 of ) the connecting elements 54 having at least a component 
perpendicular to the first displacement, towards or away from the centre of the 
frame 52. 

For the IOL 51 the parts 52A, 52B, 55A, 55B are formed individually as shown 
in Figs 19 and 20, respectively and the parts 52A, 52B and 55A, 55B may be 
substantially identical. Thus, the IOL 51 is essentially modular. This facilitates 
manufacturing of the IOL 51, since relatively simple molds may be used, which 
may also facilitate separation of the mold and the molded part. Parts may be 
assessed for quality individually and parts may be readily adapted and/or 
exchanged. It also facilitates using different materials for parts of the frame 52 
and/or of the optical system 53.

Fig. 17 shows a perspective side view of another embodiment of an intraocular lens 
according to the invention
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For forming an IOL 51, the parts 52A, 52B, 55A, 55B are assembled by means 
of the joints 57, 58, which may be freely pivotably hinging to essentially rigid, 
e.g. glued, riveted, or of the peg-in-hole type (cf. joint 33 of Figs. 9-12), etc. The 
joints may also be snap-fitting joints, wherein one part is provided with a 
portion, such as a clamp or a recess, for receiving a corresponding portion, e.g. 
an extension or a protrusion, of another part. The movability of the joints 57, 
58 and the resiliency of (portions of ) the parts determines the spring constant 
of the frame 52, the optical system 53 and thus the IOL 51 as a whole; the 
connecting element parts 54A, 54B and/or the anterior frame element 52A’ 
and posterior frame element 52B’ themselves may be the resilient element for 
urging the anterior and posterior frame elements towards a predetermined 
axial separation. Here, the joints 57, 58 are indicated as hinges with a pivot 59, 
60, respectively. The frame parts 52A, 52B are rigidly or movably attached to 
the pivots 60. The lenses 55A, 55B may be movably or rigidly attached to the 
pivots 59, 60, depending on the resiliency of the arms 56A, 56B, 57A, 57B and/or 
the torsional resiliency of the pivots 59, 60. The connecting elements 54A, 54B 

Fig. 18 shows a perspective side view from another angle of the intraocular lens of Fig. 
17, with the anterior part removed
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Figs. 19 and 20 show constituent parts of the embodiment of Fig. 17
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and/or the pivots 60 may be provided with an extension for attaching other 
objects thereto and/or for forming haptics.

The lenses 55A, 55B are provided with stops 61A, 61B, which each have a resilient 
extension which is essentially free, not being directly attached to the lenses 
55A, 55B (Figs. 18, 20). These stops serve a double function, as will be explained 
with reference to Figs. 21A, 21B, which shows the optical system 53 without the 
frame 52 in two different positions. The optical system 53 has a default position 
(Fig. 21A) in which the lenses 55A, 55B are only partially overlapping and the 
stops just make contact with each other. For changing the focal length of the 
system, the lenses are pulled (indicated with the arrows in Fig. 21B) to rotate 
towards fully overlapping and possibly even further (Fig. 21B). Thereby, the 
resilient extensions of the stops 61A, 61B are urged against each other, causing 
them to deflect and to provide a restoring force for the optical system 53 and 
thus for the entire IOL 51 towards the default position (Fig. 21A). Since in this 
embodiment the pulling force is essentially along a heart line of the optical 
system 53, the arms 56A, 56B may flex somewhat between the position shifts 
(Figs. 21A, 21B). This may cause an additional restoring force for the optical 
system 53.

The optical system 53 and the stops 61A, 61B may also be sized and designed 
for a default position with the lenses 55A, 55B essentially fully overlapping 
and such that the lenses 55A, 55B should be moved away from each other for 
changing the effective focal length of the compound lens 55. 

Figs. 22A-23 show an embodiment of an IOL 62 which is similar to Figs. 17, 18. 
Here, the same frame 52 is provided with another optical system 63, which 
comprises a compound lens 64, in turn comprising two individual varifocal 
lenses 64A, 64B. The compound lens 64 is designed for changing its effective 
focal length upon an essentially linear relative repositioning of the lenses 64A, 
64B, rather than upon a relative rotation. For assisting that, the lenses 64A, 64B 
are provided with extensions 65A, 65B comprising guiding structures which 
interconnect the lenses 64A, 64B and which define a relative motion path for 
the lenses 64A, 64B. The displacement is in a direction which is substantially 
perpendicular to the main optical axis of the lens system axis. 

The guiding structures may be formed as one or more protrusions and a 
matching groove or ribs with facing sliding surfaces, possibly profiled or 
hooking into each other etc. Stops and/or end points of the guides may define 
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Figs. 21A and 21B show the operation of the optical system of the embodiment 
of Fig. 17
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Figs. 22A and 22B show perspective side views of another 
embodiment of an intraocular lens according to the invention
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Fig. 23 shows a perspective side view from another angle of the embodiment of 
Figs. 22A, 22B, with the anterior part removed

Fig. 24 shows a variant of the embodiment of Fig. 23
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one or more default relative positions of the lenses 64A, 64B. The lenses 64A, 
64B may be essentially identical, allowing to use a single mold for the lenses. 
Fig. 24 shows a variant of Fig. 23, wherein the optical system 63 is provided with 
additional resilient elements 66, e.g. springs, for providing a restoring force 
towards a default relative position of the lenses 64A, 64B. The frame 52 may be 
provided with additional connecting and/or resilient elements. The frame 52 
may also be formed or assembled without providing it with an optical system, 
by just assembling the anterior and posterior frame parts 52A, 52B. Such a 
frame 52 may be used on its own for biasing the capsular bag 3 towards the 
accommodating shape, e.g. in combination with filling the capsular bag with a 
biocompatible material for replacing the natural lens tissue. 

The invention is not restricted to the above described embodiments which 
can be varied in a number of ways within the scope of the claims. For instance, 
the lenses may have any shape. The lenses may also be displaced linearly with 
respect to each other, e.g. by providing lenses with two rotational or resilient 
interconnections 31 on opposite sides or with a guiding rail etc. The optical 
system may also comprise one or more separate optical elements for correcting 
astigmatism, or elements for correcting other imaging defects, such as coma or 
chromatic aberration.The frame may comprise any useful number of resilient 
and/or connecting elements and/or of optical elements attached thereto. 
A torsional spring may also be adjustable by means of a reinforcement. The 
frame may also be realised or provided with medically active substances, e.g. 
slow-release ingredients such as medicines. Elements and aspects of different 
embodiments may be suitably combined. 
          
CLAIMS
1. Intraocular frame (4;22;43;52) for implantation in the capsular bag (3) of an 
eye having an optical axis, comprising: 
an anterior frame element (5;24;45A,45B;52A’), 
a posterior frame element (6;25;46A,46B;52B’), and 
a resilient element (7;26A,26B;35,36;47A,47B;61A,61B) for urging the anterior 
and posterior frame elements (5;24;45A,45B;52A’; 6;25;46A,46B;52B’) towards a 
predetermined relative axial separation, 
a connecting element (8;26A,26B;47A,47B;54) connecting the anterior and 
posterior frame elements (5;24;45A,45B;52A’; 6;25;46A,46B;52B’), the connecting 
element (8;26A,26B;47A,47B;54A,54B) being configured to be attached, in use, 
to an optical element, 
the frame (4;22;43;52) being arranged for converting a first displacement of the 
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anterior and posterior frame elements (5;24;45A,45B;52A’; 6;25;46A,46B;52B’) 
with respect to each other having at least a component parallel to the optical 
axis of the eye into a second displacement of at least a part of the optical 
element, the second displacement having at least a component perpendicular 
to the optical axis of the eye. 

2. Frame (4;22;43;52) according to claim 1, wherein the connecting 
element (26A,26B;47A,47B;54A) is the resilient element (26A,26B;47A,47B;54).

3. Frame (4;22;43;52) according to claim 1 or 2, wherein the first connecting 
element (8;26A,26B;47A,47B;54) of the frame (4;22;43;53) is arranged for 
converting the first displacement into the second displacement.

4. Frame (4;22;43;53) according to claim 1, 2 or 3, wherein the first 
connecting element (8;26A,26B;47A,47B;54) has a deflection from a 
straight connection between the anterior and posterior frame elements 
(5;24;45A,45B;52A’; 6;25;46A,46B;52B’).

5. Frame (4;22;43;52) according to claim 4, wherein the connecting element 
(8;26A,26B;47A,47B;54) is configured to be attached to an optical element 
at least near the point of maximum deflection from a straight connection 
between the anterior and posterior frame elements (5;24;45A,45B;52A’; 
6;25;46A,46B;52B’).

6. Frame (4;22;43;52) according to claim 4 or 5, wherein the deflection of 
the connecting element (8;26A,26B;47A,47B;54) has a radial component with 
respect to the optical axis of the eye. 

7. Frame (4;22;43;52) according to any one of the preceding claims, 
wherein at least the anterior frame element (5;24;45A,45B;52A) provides an 
opening for allowing aqueous humor to pass therethrough.

8. Frame (4;22;43;52) according to any one of the preceding claims, 
whereby at least the posterior frame element (6;25;46A,46B;52B) is provided 
with a relatively sharp edge (41) along the contact region of the frame element 
with the wall of the capsular bag (3). 

9. Frame (4;22;43;52) according to any one of the preceding claims, 
comprising elements for substantially centring the frame (4;22;43;52) about 
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the optical axis of the eye when implanted therein.

10. Frame (4;22;43;52) according to any one of the preceding claims, 
wherein the frame (4;22;43;52) is sized for being, once implanted in the capsular 
bag (3) of the eye, in contact with the interior surface of the capsular bag (3) on 
the anterior and posterior walls thereof and being free from contact with the 
equatorial rim thereof.

11. Frame (4;22;43;52) according to any one of the preceding claims, 
wherein the net effect of the forces on the capsular bag (3) is to generally urge 
the capsular bag (3) towards the accommodating shape. 

12. Intraocular lens (15;21;42;51;62) for implantation in the capsular bag (3) 
of an eye having an optical axis, comprising an optical system (16;18;23;44;53;63) 
attached, in use, to a first connecting element (8;26A,26B;47A,47B;54) of a frame 
(4;22;43;52) according to any one of the claims 1-11. 

13. Intraocular lens (15;21;42;51;62) according to claim 12, wherein the 
optical system (16;18;23;44;53;63) is additionally attached, in use, to at least a 
second connecting element (8;26A,26B;47A,47B;54) of the frame (4;22;43;52). 

14. Intraocular lens (15;21;42;51;62) according to claim 12 or 13, wherein the 
optical system (16;18;23;44;53;63) is reversibly deformable by the displacement 
of at least one of the parts thereof which is attached to a connecting element 
(8;26A,26B;47A,47B;54) of the frame (4;22;43;52). 

15. Intraocular lens (15;21;42;51;62) according to claim 14, wherein the 
optical system (16;18;23;44;53;63) comprises a reversibly deformable lens (16).

16. Intraocular lens (15;21;42;51;62) according to any one of the claims 12-
14, wherein the optical system (18;23;44;53;63) comprises at least two optical 
elements (19,20;29A,29B;48A,48B;55A,55B;64A,64B) which are movable with 
respect to each other.

17. Intraocular lens (15;21;42;51;62) according to claim 16, wherein the 
at least two optical elements (19,20;29A,29B;48A,48B;55A,55B;64A,64B) are 
mutually movably interconnected.

18. Intraocular lens (15;21;42;51) according to claim 17, wherein the 
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interconnection (31;49;57) provides a centre of rotation for at least two 
individual optical elements (19,20;29A,29B;48A,48B;55A,55B) with respect to 
each other.

19. Intraocular lens (15;62) according to claim 17, wherein the 
interconnection (65A,65B) provides a guiding structure for an essentially linear 
displacement of at least two individual optical elements (64A,64B) with respect 
to each other.

20. Intraocular lens (15;21;42;51;62) according to any one of the claims 
16-19, wherein the optical system (16;18;23;44;53;63) comprises at least one 
resilient element (7;26A,26B;35,36;47A,47B;57A,57B;61A,61B;66) for providing 
a restoring force for urging the optical system (16;18;23;44;53;63) to a default 
configuration.

21. Intraocular lens (15;21;42;51;62) according to any one of the claims 12-
20, wherein the optical system (16;18;23;44;53;63) is provided with at least one 
element for defining a default configuration.

22. Intraocular lens according to claim 21, having a default configuration 
wherein the eye is emmetropic. 

23. Intraocular lens (15;21;42;51;62) according to any one of the claims 20-
22, wherein the net effect of the forces on the capsular bag (3), at least due to 
the at least one resilient element (7;26A,26B;35,36;47A,47B;57A,57B;61A,61B) 
of the frame (4;22;43;52) and to the at least one resilient element (7;26A,26B;
35,36;47A,47B;57A,57B;61A,61B) for providing a restoring force for urging the 
optical system (16;18;23;44;53;63) to a default configuration, is to generally 
urge the capsular bag (3) towards the accommodating shape.

24. Intraocular lens (15;21;42;51;62) for implantation in the capsular bag 
(3) of an eye having an optical axis, comprising a frame (4;22;43;52) and an 
optical system (16;18;23;44;53;63), the frame (4;22;43;52) comprising
an anterior frame element (5;24;45A,45B;52A’), 
a posterior frame element (6;25;46A,46B;52B’), and 
a first and a second connecting element (8;26A,26B;47A,47B;54) connecting the 
anterior and posterior frame elements (5;24;45A,45B;52A’; 6;25;46A,46B;52B’), 
the first and second connecting element (8;26A,26B;47A,47B;54) being 
configured to be attached, in use, to an optical system (16;18;23;44;53;63), 
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the frame (4;22;43;52) being configured for converting a first displacement of the 
anterior and posterior frame elements (5;24;45A,45B;52A’; 6;25;46A,46B;52B’) 
with respect to each other having at least a component parallel to the optical 
axis of the eye into a second displacement of at least a part of the optical 
element, the second displacement having at least a component perpendicular 
to the optical axis of the eye, the optical system (16;18;23;44;53;63) being 
an optical system as disclosed in any one of the claims 14-21 and being 
resilient, wherein the net effect of the forces on the capsular bag (3) due to 
the intraocular lens (15;21;42;51;62) is to generally urge the capsular bag (3) 
towards the accommodating shape. 

25. Intraocular lens system (18;29;48;55) for implantation in an eye having 
an optical axis, comprising at least two varifocal lenses (19,20;29A,29B;48A
,48B;55A,55B), wherein the focal length of the lens system (18;29;48;55) is 
dependent on at least the rotation of the two lenses (19,20;29A,29B;48A,48B;5
5A,55B) with respect to each other about an axis which is substantially parallel 
to the main optical axis of the lens system (18;29;48;55), further comprising a 
frame (4;22;43;52) for positioning the lenses (19,20;29A,29B;48A,48B;55A,55B) 
into the capsular bag (3) of an eye such that once implanted the main optical 
axis of the lens system (18;29;48;55) is substantially along the optical axis of 
the eye.

26. Intraocular lens system (18;29;48;55) according to claim 25, wherein 
the frame is arranged for causing the rotation due to the natural action of the 
ciliary muscle on the capsular bag (3) of the eye.

27. Intraocular lens system (18;29;48;55) according to claim 25 or 26, 
wherein the frame (4;22;43;52) is arranged for causing at least a rotation of the 
two lenses (19,20;29A,29B;48A,48B;55A,55B) with respect to each other about 
an axis which is substantially parallel to the main optical axis of the lens system 
(18;29;48;55) due to a displacement of elements of the frame (4;22;43;52) 
parallel to the optical axis of the eye.

28. Intraocular lens system (18;29;48;55) according to any one of the claims 
25-27, wherein the two lenses (19,20;29A,29B;48A,48B;55A;55B) are connected 
with a resilient element (31,32,33;57,59) which is arranged for causing at least 
a rotation of the two lenses (19,20;29A,29B;48A,48B;55A,55B) with respect to 
each other about an axis which is substantially parallel to the main optical axis 
of the lens system (18;29;48;55) for changing the focal length of the lens system 
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(18;29;48;55) due to the natural action of the ciliary muscle on the capsular bag 
(3) of the eye.

29. Intraocular lens system (18;29;48;55) according to any one of the claims 
25-27, wherein the two lenses (19,20;29A,29B;48A,48B;55A,55B) are connected 
with a resilient element (31,32,33;57,59) which is arranged for causing at least 
a rotation of the two lenses (19,20;29A,29B;48A,48B;55A,55B) with respect to 
each other about an axis which is substantially parallel to the main optical axis 
of the lens system (18;29;48;55) due to a displacement of elements of the frame 
(4;22;43;52) parallel to the optical axis of the eye.

30. Intraocular lens system (64) for implantation in an eye having an 
optical axis, comprising at least two varifocal lenses (64A,64B), wherein the 
focal length of the lens system (64) is dependent on at least an essentially 
linear displacement of the two lenses (64A,64B) with respect to each other in 
a direction which is substantially perpendicular to the main optical axis of the 
lens system (64), 
further comprising a frame (52) for positioning the lenses (64A,64B) into the 
capsular bag (3) of an eye such that once implanted the main optical axis of the 
lens system (64) is substantially along the optical axis of the eye.

31. Intraocular lens system (18;29;48;55;64) according to any one of the 
claims 25-30, wherein the lens system (18;29;48;55) is provided with at least 
one element for defining a default configuration of at least the two lenses (19,
20;29A,29B;48A,48B;55A,55B;64A,64B).

32. Intraocular lens system (18;29;48;55;64) according to claim 31, wherein 
the focal length of the lens system (18;29;48;55;64) in the default configuration 
is such that an eye wherein the lens system (18;29;48;55;64) is implanted is 
emmetropic at the default configuration of the lens system (18;29;48;55;64).

33. Intraocular frame (4;22;43;52), intraocular lens (15;21;42;51;62) or 
intraocular lens system (18;29;48;55;64) according to any one of the preceding 
claims, sized for contacting the capsular bag (3) of an eye when implanted 
therein only on the anterior and posterior walls and being free from contact 
with the equatorial walls. 

34. Kit for implantation of an intraocular lens in the capsular bag (3) of an 
eye, comprising:
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a biocompatible material for filling the capsular bag (3) and replacing the 
natural lens tissue of the eye, and
an intraocular frame (4;22;43;52), the frame (4;22;43;52) comprising: 
an anterior frame element (5;24;45A,45B;52A’), 
a posterior frame element (6;25;46A,46B;52B’), and 
a resilient element (7;26A,26B;35,36;47A,47B;54,60) for urging the anterior 
and posterior frame elements (5;24;45A,45B;52A’; 6;25;46A,46B;52B’) towards 
a predetermined axial separation, 
the frame (4;22;43;52) being configured for biasing the capsular bag (3) towards 
the accommodating shape

35. Kit according to claim 35, wherein the frame (4;22;43;52), once implanted 
in the capsular bag (3) of the eye, is in contact with the interior surface thereof 
on the anterior and posterior walls thereof and is free from contact with the 
equatorial rim thereof.

36. Kit for manufacturing an intraocular frame (52) or an intraocular lens 
(51;62) for implantation in the capsular bag (3) of an eye having an optical 
axis and biasing the capsular bag (3) towards the accommodating shape, 
comprising two frame parts (52A,52B) for forming an anterior frame part (52A) 
and a posterior frame part (52B) of the frame (52). 
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Aims of the present study
In order to accommodate, the optical power of the human lens increases. In 
principle, the changes that occur in the optical power of a lens are two-fold. 
First of all, the changes in geometry (i.e. in the thickness and radii of curvature) 
influence the optical power of the lens. Secondly, the refractive index influences 
the direction and length of the optical path, and consequently also influences 
the optical power of the lens. During accommodation, the changes in optical 
power of the human lens are caused by a mechanical action of the ciliary 
muscle. However, with age the human eye loses its ability to accommodate; 
this is referred to as presbyopia, the exact causes of which are not yet known.

The first part of the present thesis focused on obtaining more insight into the 
accommodation mechanism, and consequently the origin of presbyopia. In 
order to study the changes that occur in the geometry and refractive index, 
model-based measurements of the geometry and refractive index of the 
human lens were carried out in a group of five healthy subjects at different 
levels of accommodation. Furthermore, the changes in geometry were used to 
study the mechanical aspects that contribute to the change in optical power. 
Therefore, mechanical modelling was performed to obtain more insight into 
the accommodation mechanism in people at a young age.

In most cases, presbyopia and ametropia are currently corrected by (multifocal) 
spectacles or contact lenses. However, at an elderly age there can be cataract 
formation, and the lens becomes opaque. Most intra-ocular lenses (IOLs) 
that are implanted to restore vision have a fixed focal power, and therefore 
do not accommodate, but an accommodative IOL could not only provide a 
solution for cataract and ametropia, but also for presbyopia. However, the 
requirements for an IOL that could be used to restore accommodation and 
guarantee spectacle-independence are stringent. Firstly, the accommodative 
power of the accommodative IOL must be large, in order to ensure comfortable 
reading. Secondly, it is necessary to have a predictable outcome of the patient’s 
refractive error. An accommodative IOL that restores accommodation, but has 
no predictable disaccommodated refractive power after implantation, does not 
guarantee spectacle-independence. Moreover, an accommodative IOL should 
preferably also be capable of compensating corneal astigmatism, and should 
have an optical quality that is similar to the quality of a present generation 
monofocal IOL in all accommodative states. Finally, the accommodative IOL 
should preferably be operated by the human ciliary muscle. 
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The second part of this thesis described how we developed an accommodative 
IOL as a solution for cataract, ametropia and presbyopia, using the knowledge 
obtained in the studies described in the first part of this thesis.

9.1 Geometry, optics and mechanical modelling of the human lens 
during accommodation
Changes in geometry of the lens during accommodation
During accommodation the thickness of the lens increases and the radius of 
curvature of the anterior and posterior central area decreases, resulting in an 
increase in optical power. According to the Helmholtz accommodation theory 
(Von Helmholtz, 1855), this deformation is caused by the ciliary muscle release 
of zonular tension. However, it is not exactly known whether the deformation 
of the lens is due to the elasticity or the compressibility of the lens material. 

A change in the surface area of the capsular bag could indicate that the 
elasticity of the capsular bag plays an important role in accommodation. 
On the other hand, a change in the volume of the lens could indicate that 
decompression of the internal lens material causes the accommodative 
changes. The objective of the study described in Chapter 2 was to determine 
the volume of the lens and surface area of the capsular bag, and to investigate 
whether there is a change in these quantities with accommodation. For that 
purpose 3D magnetic resonance imaging (MRI) was used to determine the 
3D shape of the lens as a function of accommodation in five healthy subjects. 
The 3D shape of the lens was described by cross-sectional geometry with five 
physical parameters. From this parametric geometry the surface area of the 
capsular bag and the volume of the lens were estimated. Scheimpflug imaging 
(Dubbelman, Van der Heijde and Weeber, 2005) was used to validate the MRI 
results. In accordance with the Helmholtz accommodation theory, there was 
a decrease in the equatorial radius of the lens with accommodation, while 
there was an increase in the thickness and the central anterior and posterior 
curvature. During accommodation we found a decrease in the surface area, 
but no significant change in volume of the lens. This indicates that the internal 
human lens material can be assumed to be incompressible, and undergoes 
elastic deformation. Moreover, the change in the surface area indicates that 
the capsular bag also undergoes elastic deformation.

3D MRI measurements do not provide a well-defined, visual representation 
of the embryonic nucleus, but the nucleus is completely visible and clearly 
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characterized with Scheimpflug imaging. It is the thickness of the nucleus that 
changes most during accommodation compared to the overall changes in the 
thickness (Dubbelman, Van der Heijde, Weeber and Vrensen, 2003). Chapter 3 
presented a new method in with which a parametric measurement of the 2D 
shape of the human lens nucleus can be obtained from Scheimpflug images. For 
five subjects, the results show that during accommodation the nucleus became 
more convex and that the central thickness increased, whereas the equatorial 
diameter decreased. This decrease in equatorial diameter of the nucleus with 
accommodation is in accordance with the Helmholtz accommodation theory. 
Assuming that the nucleus is rotationally symmetric, the volume of the nucleus 
can be estimated by integrating around the circumference. The volume of the 
nucleus showed no significant change during accommodation in any of the 
subjects.

In conclusion, during accommodation there was no change in the volume of 
the complete lens or the volume of the embryonic nucleus, presumably due 
to the fact that the human lens consists of incompressible material with a 
Poisson’s ratio that is near 0.5.

Changes in refractive index of the lens during accommodation
Gullstrand hypothesized that the change in power of the lens that is needed 
for accommodation does not result from changes in lens thickness and 
surface curvature alone, but also from changes in the distribution of the 
refractive index within the lens. As a result, there should be an increase in 
the equivalent refractive index with accommodation. He called this process 
the intra-capsulary mechanism of accommodation. Chapter 4 described how 
the theory of Gullstrand (1909), i.e. that the equivalent refractive index of the 
human lens increases with accommodation, was verified experimentally. The 
shape of the cornea and the lens were measured with corrected Scheimpflug 
imaging in a group of five healthy subjects at different accommodative 
stimuli. Subsequently, using the same accommodative stimuli, aberrometry 
was used to obtain objective measurements of the accommodative response 
and amplitude. After measuring the axial length, it was possible to calculate 
the equivalent refractive index with the step-along method. Furthermore, 
the geometry of the nucleus (Chapter 3) was derived from the Scheimpflug 
measurements to construct a two-compartment model, as proposed by 
Gullstrand.
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In all five subjects, we found no significant change in the equivalent refractive 
index of the lens as a function of accommodation. The accommodative 
response appeared to be lower than the accommodative stimulus (i.e. 
accommodative lag). Furthermore, it appeared to be possible to model the 
optical power of the lens, based on the geometry of the cortex and nucleus. 
Both the one-compartment model and the two-compartment model showed 
that it is possible to describe the changes during accommodation with constant 
refractive indices. The refractive indices of the two-compartment model are 
more in line with the physiological measurements of the refractive index of 
the human lens than the equivalent refractive index of the one-compartment 
model.

In order to compute the equivalent index of refraction, as described in Chapter 
4, a website was launched: www.eyepower.nl . Ray-tracing was used to visualize 
the optics of the eye and it was possible to interactively change the geometry 
of the eye. It was also possible to change the power of an implanted monofocal 
IOL in order to determine the post-operative refractive error. 

Mechanical modelling of the accommodation process
In order to be able to design an accommodative IOL, it is necessary to know the 
forces acting on the lens that are produced by the complex of ciliary muscle 
and zonular fibres. However, the exact magnitude and direction of these 
forces is not known, for two reasons. Firstly, no method or device has yet been 
developed that is capable of measuring force during accommodation in vivo. 
Secondly, the zonular fibres transfer the ciliary muscle force to the capsular 
bag, but there is a lack of information about the mechanical properties, the 
number and the geometry of these fibres. 

Chapter 5 described a new method in which finite element (FE) modelling 
was used to estimate the magnitude of the external force which moulds the 
lens into an unaccommodated shape of a typical 29 year-old human lens. 
To investigate the influence of the anterior, posterior and central zonular 
fibres insertion regions, three models with different configurations were 
constructed. All three configurations appeared to be capable of inducing the 
required accommodative changes in the lens. The configuration of the zonular 
fibres insertion regions had no significant influence on the size of the external 
force. Based on material properties described in the literature, the estimated 
summed net force for each of the three models was approximately 0.08 N.
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The objective of the study described in Chapter 6 was to determine the 
accommodative force on the lens at different ages, and to find out whether 
there is a change in this force with age. In this chapter the method described 
in Chapter 5 was used to estimate the force on the lenses of an 11, 29 and 
45 year-old human eye. Furthermore, the parametric shape of the nucleus, 
derived in Chapter 3, was incorporated in the simulations, together with 
new material properties described in the literature. The force on the lens 
appeared to be preserved with age, with only a slight increase to a value of 
approximately 0.06 N. In conclusion, the preservation of the net force delivered 
by the extralenticular ciliary body indicates that the causes of presbyopia must 
mainly be ascribed to lenticular changes. The preservation of accommodative 
force as a function of age is useful as a reference for the development of an 
accommodative IOL that could restore accommodation.

9.2 Development of an accommodative IOL
The first part of this thesis described how we obtained more knowledge about 
the geometry, refractive index and mechanics of the human accommodation 
process. We were able to use this knowledge to develop a method to restore 
accommodation. Therefore, the second part of the thesis focused on the 
development of an accommodative IOL that meets the requirements for a 
spectacle-independent solution for presbyopia. 

Chapter 7 described the development of an accommodative IOL (“the Turtle 
lens”) with a rotating focus mechanism and a mechanical frame that could 
operate within the range of ciliary muscle contraction. The concept design was 
optically and mechanically optimized for a typical 60 year-old human eye, and 
ray-tracing showed that the modulation transfer function (MTF) of the Turtle 
lens in different accommodative states did not deviate to any great extent from 
the MTF of a monofocal IOL. We produced prototypes to test the mechanical 
performance in an enucleated pig’s eye, using a laboratory lens-stretching 
device that mimics the action of the human ciliary muscle. Changes in focal 
length during stretching were determined by means of laser-based ray-tracing 
and video-recordings. During the stretching experiments the prototype of the 
Turtle lens achieved 8 D of accommodation.
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In conclusion, most of the requirements for an accommodative IOL, through 
which spectacle-independence can be achieved, can be met. The mechanical 
frame, in combination with the rotating focus principle, can be used to 
develop an IOL that restores accommodation with a large and predictable 
accommodative amplitude. By using stop-devices, the base power can be varied 
in steps of 0.5 D, according to the required refractive outcome of the patient. 
Astigmatism and higher order aberrations, such as spherical aberration, could 
be compensated by the optical design. However, both the mechanical and the 
optical design need further optimization to improve the optical quality and 
functionality of an accommodative IOL.

The Turtle lens was developed in collaboration with Advanced Medical Optics 
Inc., which had the rights to claim intellectual property. Chapter 8 presents the 
application for a patent with the various principles and embodiments of the 
new accommodative IOL concept.
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Om dichtbij te kunnen lezen, oftewel accommoderen, wordt de optische 
sterkte van de lens van het menselijk oog groter. In principe zijn er twee 
factoren die een rol spelen bij de optische sterkte verandering. Ten eerste 
zijn de veranderingen in de vorm (dikte en kromming) van invloed op de 
optische sterkte van de lens. Ten tweede bepaalt de brekingsindex de optische 
weglengte en richting en is daarmee van invloed op de optische sterkte van de 
lens. Tijdens accommodatie worden de veranderingen van de optische sterkte 
veroorzaakt door een mechanische actie van de ciliair spier. Echter, op latere 
leeftijd verliest het menselijk oog de mogelijkheid om te accommoderen. Dit 
verschijnsel wordt presbyopie genoemd, en de exacte oorzaken hiervan zijn 
momenteel nog niet bekend. 

Figure 1 Veranderingen in de optische sterkte van de humane lens tijdens 
accommodatie maken het mogelijk om te focussen op een dichtbijzijnd object 
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Het eerste deel van het huidige onderzoek richt zich op het verkrijgen van 
meer inzicht in het accommodatie mechanisme en daarmee de oorzaken van 
presbyopie. Om de veranderingen in de vorm en brekingsindex te bestuderen 
zijn modelgebaseerde metingen van de vorm en brekingsindex uitgevoerd in 
een groep van vijf gezonde proefpersonen bij verschillende accommodatie 
stimuli. Vervolgens zijn de veranderingen in de vorm van de lens gebruikt om 
de mechanische aspecten te bestuderen die bijdragen aan de verandering 
van de optische sterkte. Hiertoe biedt mechanische modellering een geschikt 
instrument om meer inzicht te krijgen in het accommodatie mechanisme op 
jonge leeftijd.  

In de meeste gevallen worden presbyopie en ametropie (het nodig hebben 
van een bril voor in de verte) gecorrigeerd door (multifocale) brillen of 
contactlenzen. Daarnaast kan op latere leeftijd cataract ontstaan waardoor 
de lens troebel wordt. De meeste intra-oculaire lenzen (IOL’s) die worden 
geïmplanteerd om het zicht te herstellen hebben één vaste, vooraf te kiezen, 
sterkte en kunnen daardoor niet accommoderen. Echter,  een accommoderende 
IOL zou niet alleen een oplossing kunnen bieden voor cataract en ametropie, 
maar ook voor presbyopie. De eisen voor een IOL, die gebruikt kan worden 
voor het herstellen van accommodatie en die bril-onafhankelijkheid kan 
garanderen, zijn strikt. Ten eerste moet de accommodatie amplitude van de 
accommoderende IOL groot zijn, teneinde comfortabel te kunnen lezen. Ten 
tweede is het noodzakelijk de refractie-uitkomst van de betreffende patient 
te kunnen voorspellen. Een accommoderende IOL die de accommodatie 
herstelt maar waarvan de ongeaccommodeerde sterkte niet te voorspellen is 
garandeert namelijk geen bril-onafhankelijkheid. Verder is het preferabel als 
een accommoderende IOL in staat is om te compenseren voor astigmatisme  
van de cornea en wanneer de IOL een optische kwaliteit heeft die gelijk is aan 
de huidige generatie monofocale IOL’s in alle geaccommodeerde toestanden. 
Ten slotte zou de accommoderende IOL aangestuurd moeten kunnen worden 
door de menselijke ciliairspier.

Het tweede deel van dit proefschrift beschrijft hoe we een accommoderende 
IOL hebben ontwikkeld die voldoet aan bovenstaande eisen, gebruikmakend 
van de kennis die is opgedaan in de studies zoals beschreven in het eerste 
gedeelte van dit proefschrift.
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Geometrie, optica en mechanisch modelleren van de menselijke 
lens gedurende accommodatie
Veranderingen in geometrie van de lens gedurende accommodatie
Gedurende accommodatie wordt de lens dikker en neemt de kromming van 
het voorste en het achterste gedeelte van het centrale gebied toe, hetgeen 
resulteert in een grotere sterkte. Volgens de Helmholtz-accommodatietheorie 
(Von Helmholtz, 1855) wordt deze vormverandering veroorzaakt doordat de 
ciliairspier kleiner in diameter wordt en daardoor de spanning op de zonula 
fibers verlaagt.  Door de verlaging van spanning neemt de lens een dikkere en 
bollere vorm aan. Echter, het is niet precies bekend of de vormverandering van 
de lens toe te schrijven is aan de elasticiteit of de samendrukbaarheid van het 
lensmateriaal.

Een verandering van het oppervlakte van de kapselzak zou erop kunnen 
wijzen dat de elasticiteit van de kapselzak een belangrijke rol speelt tijdens 
accommodatie. Aan de andere kant zou een verandering van het lensvolume 
erop kunnen wijzen dat kompressie in de lens de verandering tijdens 
accommodatie teweegbrengt. Het doel van het onderzoek zoals beschreven 
in hoofdstuk 2 was het bepalen van het volume van de lens en het oppervlakte 
van de kapselzak alsmede het onderzoeken of er een verandering is in deze 
grootheden tijdens accommodatie. 3D magnetic resonance imaging (MRI) 
is gebruikt om de 3D vorm van de lens als functie van accommodatie bij vijf 
gezonde personen te bepalen. De 3D vorm van de lens is beschreven door de 
dwarsdoorsnedes geometrisch vast te leggen middels vijf fysische parameters. 
Met deze parametrische geometriebeschrijving zijn de oppervlakte van de 
kapselzak en het volume van de lens geschat. Scheimpflug-beeldvorming 
(Dubbelman, Van der Heijde en Weeber, 2005) is gebruikt om de MRI-resultaten 
te valideren. In overeenstemming met de Helmholtz-accommodatietheorie 
was er een verkleining van de equatoriale straal van de lens te zien tijdens 
accommodatie, terwijl de dikte en de kromming van het voorste en achterste 
gedeelte van de lens toenamen. Tijdens accommodatie vonden we een afname 
van het oppervlakte maar geen significante verandering in het volume van 
de lens. Dit geeft aan dat het menselijke lensmateriaal niet-samendrukbaar 
verondersteld mag worden en elastische vervorming ondergaat. Verder 
duidt de verandering in oppervlakte op een elastische vervorming van de 
kapselzak.
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3D MRI-metingen verschaffen geen welgedefinieerde, vorm van de 
embryonische nucleus maar de nucleus is wel volledig en duidelijk zichtbaar 
met Scheimpflug-beeldvorming. Het is de dikte van de nucleus die het meest 
verandert gedurende accommodatie in vergelijking met de totale dikte van 
de lens (Dubbelman, Van der Heijde, Weeber en Vrensen, 2003). In hoofdstuk 
3 wordt een nieuwe methode beschreven waarin een parametrische meting 
van 2D vorm van de menselijke nucleus wordt verkregen uit Scheimpflug 
afbeeldingen. Bij vijf personen laten de resultaten zien dat gedurende 
accommodatie de nucleus meer convex werd en dat de centrale dikte toenam 
terwijl de equatoriale diameter afnam. Deze afname in equatoriale diameter 
van de nucleus met accommodatie is in overeenstemming met de Helmholtz-
accommodatietheorie. Aangenomen dat de nucleus rotatiesymmetrisch is, 
kan het volume van de nucleus geschat worden door te integreren over de 
omtrek. Het volume van de nucleus vertoonde geen significante verandering 
gedurende accommodatie in elk van de proefpersonen.

Derhalve hebben we de conclusie kunnen trekken dat gedurende 
accommodatie er geen verandering in het volume van de gehele lens of het 
volume van de embryonische nucleus optreedt, vermoedelijk als gevolg van 
het feit dat de humane lens uit een niet-samendrukbaar materiaal bestaat met 
een Poisson-ratio van ongeveer 0.5.

Veranderingen in de brekingsindex van de lens gedurende accommodatie
Gullstrand (1909) veronderstelde dat de verandering in sterkte van de lens 
om te kunnen accommoderen niet slechts het gevolg is van veranderingen 
in lensdikte en kromming van het oppervlak, maar ook zijn oorsprong vindt 
in veranderingen in de verdeling van de brekingsindex in de lens. Als gevolg 
daarvan zou er een vergroting van de equivalente brekingsindex gedurende 
accommodatie moeten zijn. Hoofdstuk 4 beschrijft hoe de theorie van 
Gullstrand, die zegt dat de equivalente brekingsindex van de humane lens 
toeneemt gedurende accommodatie, experimenteel is weerlegd. De vorm 
van het hoornvlies en de lens zijn gemeten met gecorrigeerde Scheimpflug-
beeldvorming in een groep van vijf gezonde personen met verschillende 
accommodatiestimuli. Vervolgens werd met dezelfde accommodatiestimuli 
aberrometrie gebruikt om objectieve metingen van de accommodatierespontie 
en amplitudes te verkrijgen. Na meting van de axiale lengte van het oog was 
het mogelijk om de equivalente brekingsindex te berekenen met de step-
along-methode. Verder werd de geometrie van de nucleus (hoofdstuk 3) 
afgeleid van de Scheimpflugmetingen om een twee-compartimentenmodel 
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te construeren, zoals voorgesteld door Gullstrand.

Bij alle vijf personen vonden we geen significante verandering in de 
equivalente brekingsindex van de lens als functie van accommodatierespontie. 
De accommodatierespontie bleek lager te zijn dan de accommodatiestimulus. 
Verder bleek het mogelijk te zijn om de optische sterkte van de lens te 
modelleren, gebaseerd op de gemometrie van de cortex en de nucleus. Zowel 
het één-compartimentmodel als het twee-compartimentenmodel lieten 
zien dat het mogelijk is om de veranderingen gedurende accomodatie te 
beschrijven met constante brekingsindices. De brekingsindices van het twee-
compartimentenmodel liggen meer in lijn met de fysiologische metingen van 
de brekingsindex van de humane lens dan de equivalente brekingsindex van 
het één-compartimentmodel.

Teneinde de equivalente brekingsindex te berekenen, zoals beschreven in 
hoofdstuk 4, is een website opgezet: www.eyepower.nl. Op deze website 
wordt ray-tracing gebruikt om de optica van het oog te visualiseren en is het 
mogelijk is om interactief de geometrie van het oog te veranderen. Tevens 
is het mogelijk om de sterkte van een geïmplanteerde, monofocale IOL te 
veranderen teneinde de postoperatieve refractie-afwijking te voorspellen.

Mechanisch modelleren van het accommodatieproces
Om een accommoderende IOL te ontwerpen is het noodzakelijk om de krachten 
te kennen die op de lens werken als gevolg van de ciliairspier en de zonula fibers. 
Echter, de exacte grootte en de richtig van deze krachten is onbekend wegens 
twee redenen. Ten eerste is er nog geen methode of apparaat ontwikkeld dat 
in staat is om in vivo krachten te meten gedurende accommodatie. Ten tweede 
dragen de zonula fibers de krachten van de ciliairspier over op de kapselzak, 
maar er is een gebrek aan informatie over de mechanische eigenschappen, het 
aantal en de geometrie van deze zonula fibers.

Hoofdstuk 5 beschrijft een nieuwe methode waarin de eindige-
elementenmethode is gebruikt om de grootte van de externe kracht te schatten 
die de lens in een ongeaccommodeerde vorm van een typische 29-jarige 
humane lens brengt. Teneinde de invloed van de voorste, achterste en centrale 
zonula fibers aangrijpingspunten te onderzoeken zijn drie modellen met 
verschillende configuraties geconstrueerd.  Alle drie de configuraties bleken 
in staat te zijn om de benodigde accommodatieve veranderingen in de lens 
te bewerkstelligen. De configuratie van de zonula fibers aangrijpingspunten 
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had geen significante invloed op de grootte van de externe kracht. Gebaseerd 
op de materiaaleigenschappen beschreven in de literatuur is de geschatte 
gesommeerde nettokracht voor elk van de drie modellen ongeveer 0.08 N.

Het doel van de studie zoals beschreven in hoofdstuk 6 was het bepalen van 
de kracht op de lens als gevolg van het acccommoderen op verschillende 
leeftijden en om uit te zoeken of de kracht verandert in de loop van het leven. 
In dit hoofdstuk wordt de methode uit hoofdstuk 5 gebruikt om de kracht op 
de lenzen van 11, 29 en 45-jaar oude menselijke ogen te schatten. Tevens was 
de parametrische vorm van de nucleus, afgeleid in hoofdstuk 3, meegenomen 
in de simulaties tezamen met de nieuwe materiaaleigenschappen zoals recent 
beschreven in de literatuur. De kracht op de lens bleek behouden gedurende 
het ouder worden, met slechts een kleine verhoging tot 0.06 N. Concluderend, 
het behoud van de nettokracht geleverd door de ciliair spier geeft aan dat 
de oorzaken van presbyopie voornamelijk toegeschreven moeten worden 
aan veranderingen in de lens. Het behoud van de accommodative kracht als 
functie van leeftijd is bruikbaar als referentie voor de ontwikkeling van een 
accommoderende kunstlens die accommodatie herstelt.

Ontwikkeling van een accommoderende kunstlens
Het eerste gedeelte van dit proefschrift beschreef hoe we meer kennis 
hebben verkregen over de geometrie, brekingsindex en de mechanica van het 
menselijke accommodatieproces. We zijn in staat geweest om deze kennis aan 
te wenden en een methode te ontwikkelen om accommodatie te herstellen. 
Het tweede deel van het proefschrift richt zich dan ook op de ontwikkeling 
van een accommoderende kunstlens die voldoet aan de eisen voor een 
brilonafhankelijke oplossing voor staar, ametropie en presbyopie.

Hoofdstuk 7 beschreef de ontwikkeling van een accommoderende 
kunstlens (‘de Turtle-lens’) met een roterend focusseringsmechanisme en 
een mechanisch frame dat zou kunnen werken binnen de marges van de 
ciliairspiersamentrekking. Het conceptontwerp was optisch en mechanisch 
geoptimaliseerd voor een typisch 60 jaar oud humaan oog. Ray-tracing liet 
zien dat de modulatie transferfunctie (MTF) van de Turtle-lens in verschillende 
accommodatietoestanden niet in grote mate afweek van de MTF van een 
monofocale kunstlens. We produceerden prototypes om de mechanische 
prestaties in een varkensoog te testen, gebruikmakend van een lensrekapparaat 
dat de beweging van de humane ciliairspier nabootste. Veranderingen in focale 
lengte gedurende het rekken zijn bepaald door middel van het traceren van 
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laser stralen via video-opnames. Gedurende de rekexperimenten bereikte het 
prototype van de Turtle-lens een accommodatie van 8 D, overeenkomstig een 
leesafstand van 16 cm.

Concluderend kan aan de meeste van de eisen die gesteld worden aan 
een bril-onafhankelijke, accommoderende kunstlens worden voldaan. Het 
mechanische frame, in combinatie met het roterende-focusprincipe, kan 
gebruikt worden om een kunstlens te ontwikkelen die accommodatie herstelt 
met een grote en voorspelbare accommodatie-amplitude. Door stop nokken 
te gebruiken kan de basis sterkte gevarieerd worden in stappen van 0.5 D, 

Figure 2 Concept van de accommoderende Turtle lens: kracht en verplaatsing 
van de ciliair spier worden gebruikt om een frame te vervormen, de vervorming 
van het frame zorgt vervolgens voor een rotatie van twee lenzen. Door rotatie 
van de twee lenzen  verandert de gezamenlijke optische sterkte en is het mogelijk 
om zowel veraf als dichtbij te focussen
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afhankelijk van de benodigde refractie-uitkomst van de patiënt. Astigmatisme 
en hogere-ordeafwijkingen zoals sferische aberratie zouden gecompenseerd 
kunnen worden door het optische ontwerp. Echter, zowel het mechanische 
als het optische ontwerp hebben verdere optimalisatie nodig om de optische 
kwaliteit en de functionaliteit van een dergelijke accommoderende kunstlens 
te verbeteren.

De Turtle-lens is ontwikkeld in samenwerking met Advanced Medical Optics Inc., 
die de rechten hebben op het intellectueel eigendom. Hoofdstuk 8 presenteert 
de aanvraag voor een patent met de diverse principes en verschillende 
uitvoeringsvormen van het nieuwe accommoderende-kunstlensconcept.
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